The use of thermoluminescent dosimeters to study the edge effect of photons in a bounded medium / by Clawser, Samuel Matthew,
This dissertation has been 
microiihned exactly as received 70-2298
CLAWSER, in, Samuel Matthew, 1943- 
THE USE OF THERMOLUMINESCENT DOSIMETERS 
TO STUDY THE EDGE EFFECT OF PHOTONS 
IN A BOUNDED MEDIUM.
The University of Oklahoma, Ph.D,, 1969 
Physics, radiation
0  SAMUEL MATTHEW CLAWSER, I I I  1970
I
University Microfilms, Inc., Ann Arbor, Michigan à
ALL RIGHTS RESERVED
THE UNIVERSITY OF OKLAHOMA 
GRADUATE COLLEGE
THE USE OF THERMOLUMINESCENT DOSIMETERS TO STUDY THE EDGE 
EFFECT OF PHOTONS IN A BOUNDED MEDIUM
A DISSERTATION 
SUBMITTED TO THE GRADUATE FACULTY 
in  p a r t i a l  f u l f i l lm e n t  o f th e  requirem ents fo r  the






THE USE OF THERMOLUMINESCENT DOSIMETERS TO STUDY 
EDGE EFFECTS FOR PHOTONS IN A BOUNDED MEDIUM
APPROyEI^
iC . } /P .L u
DISSERTATION COMMITTEE
ACKNOWLEDGEMENTS
The au th o r would l ik e  to  express h is  a p p re c ia tio n  fo r  th e  g u i­
dance and encouragement o f  Dr. Robert Y. Nelson and th e  o th e r  members 
o f h is  d o c to ra l committee: Dr. E. K lehr, Dr. D. E l l i o t t  and Dr. H.
F ischbeck. A very  s p e c ia l  thanks i s  given to  Dr. E. M. Smith o f  th e  
U n iv e rs ity  o f  Miami f o r  making th i s  re sea rch  p o s s ib le . This work was 
supported  by th e  U nited S ta te s  Atomic Energy Commission c o n tra c t 
AT-(40-1)-3734.
The methods o f t h i s  d i s s e r ta t io n  were made p o s s ib le  w ith th e  
a s s is ta n c e  o f  many groups and in d iv id u a ls .  Thanks to  Mr. A1 Hancock, 
D iv ision  o f R ad iation  Therapy, M essrs. Donald P. Menker and Gary E. 
Beck, D iv ision  o f R ad iation  Physics a t  Jackson Memorial H o sp ita l , 
Miami, F lo r id a  and to  M essrs. D a rre ll 0. Poole and C harles S. P e rry , 
D iv ision  o f  R ad ia tion  Therapy a t  Mount S in a i, Miami Beach, F lo r id a . '
The au th o r i s  g r a te fu l  to  th e  U. S. Navy fo r  a llow ing de­
fe r re d  tim e to  work fo r  h is  Ph.D. and e sp e c ia l ly  to  h is  fam ily  fo r  
t h e i r  co n tinu ing  encouragement w ithou t which th i s  goal would n o t have 
been a ttem pted . This work was done in  p a r t i a l  f u lf i l lm e n t  o f  th e  r e ­
quirem ents fo r  th e  degree o f  Doctor o f  Philosophy from th e  U n iv e rs ity  




ACKNOWLEDGEMENTS ................................................................................................  i i i
LIST OF TABLES....................................................................................................  v
LIST OF ILLUSTRATIONS............................................................................................ v i
C hapter
I .  INTRODUCTION......................................................................................... 1
1.1 Scope........................................................................................... 1
1.2 H is to r ic a l  Review................................................................  1
1 .3  Methods o f  C a lcu la tin g  Gamma-ray Dose....................... 3
1 .4  Form ulation o f  Study .  ..................................................  4
I I .  THERMOLUMINESCENT DOSIMETRY .....................................................  9
2.1  H is to r ic a l  Review................................................................  9
2 .2  Fundamental Theory ............................................................  10
2 .3  O p era tio n a l P ro cefu res ......................................................  18
2 .4  C a lib ra tio n  S tudy ..................................................................... 20
111. METHODS AND CALCULATIONS................................................................... 27
3 .1  A r t i f a c t s .......................................................................................27
3.2 Source Edge E f fe c t S t u d y .................................................... 28
3 .3  Dose Edge E ffe c t S t u d y .........................................................35
IV. EXPERIMENTAL RESULTS............................................................................ 41
4 .1  Source Edge E f fe c t S t u d y ....................................................41
4 .2  Dose Edge E ffe c t S tu d y ........................................................ 47
V. DISCUSSION OF RESULTS........................................................................63
5 .1  Summary.  ..........................................................................63
5 .2  C o n c lu s io n s . .............................................................................. 64




I .  E quilib rium  absorbed dose c o n s ta n ts^ ............................................. 5
I I .  A schem atic o f  th e  param eters used in  the  v a rian ce  ana­
ly s is  to  e s tim a te  th e  s tan d a rd  d e v ia tio n  o f th e  measured 
s ig n a ls  from LiF-100 d o s im e te rs . i s  th e  measured
s ig n a l from dosim eter i ,  used in  experim ent j . ) .........................40
I I I .  Source edge e f f e c t  study  fo r  C obalt-57  ................................... 42
IV. Source edge e f f e c t  study  f o r  Tin-113   43
V. Source edge e f f e c t  study  fo r  Cesium-137 ...................................  44
VI. Edge e f f e c t  r a t io s  fo r  C obalt-57  (6.3cm m fp).  ....................... 52
V II. Edge e f f e c t  r a t i o s  fo r  Tin-113 (9.3cm m fp)....................................53
V III . Edge e f f e c t  r a t i o s  fo r  Cesium-137 (11.7cm m fp). . . . . .  54
IX. Depths in  phantom fo r  no edge e f f e c t    . 56
X. V ariance a n a ly s is  f o r  s p a t i a l  s t u d y ......................................   . 61
XI. T d is t r ib u t io n  t e s t  fo r  Cs-137. .   72
X II. T d is t r ib u t io n  t e s t  fo r  Sn-113...............................................................75
X III . T d is t r ib u t io n  t e s t  f o r  C o -5 7 ...............................................................78
LIST OF ILLUSTRATIONS 
Figure Page
1. Model 2000 TL a n a ly z e r ............................................................................11
2. LiF-100 ex truded  rod  d e te c to rs  (1.4mm x 1.4mm x 7mm)
and p l a s t i c  mounted d is c s  (1.2cm diam. x 0.635cm depth) 
fo r  s o u r c e s .................................................................................................12
3. T ypical glow curve o f  LiF a f t e r  annea ling  one hour a t
400“ C.........................................................................   16
4. In te r - h o s p i ta l  c a l ib r a t io n  curve: TL response  vs.  Dose. 25
5. T issu e -eq u iv a le n t rubber phantom (38cm x 38cm x 24cm) . 29
6. D e tec to r s lab  fo r  source edge e f f e c t  study  (sou rce-de-
t e c t o r  d is ta n c e  7cm)............................................................................... 31
7. D e tec to r s la b  fo r  edge e f f e c t  study  (20 TLD in s e r t s  a t
11.5 cm from s o u r c e s ) ...........................................................................36
8. Co-57 edge e f f e c t  p l o t ............................................................................48
9. Sn-113 edge e f f e c t  p l o t ....................................................................... 49
10. Cs-137 edge e f f e c t  p l o t ....................................................................... 50
11. Co-57 s p a t i a l  experim ental p l o t ........................................ 58
12. Sn-113 s p a t i a l  experim ental p l o t ......................................................59
13. Cs-137 s p a t i a l  experim ental p l o t ......................................................60
14. Experim ental edge e f f e c t  graph fo r  Cs-137 ...........................  73
15. Computer edge e f f e c t  graph fo r  C s - 1 3 7 ......................................... 74
16. Experim ental edge e f f e c t  graph fo r  Sn-113 ...........................  76
17. Computer edge e f f e c t  graph f o r  Sn-113 .................................... 77
18. Experim ental edge e f f e c t  graph fo r  Co-57...............................  79
19. Computer edge e f f e c t  graph fo r  Co-57............................................. 80
vi
THE USE OF THERMOLUMINESCENT DOSIMETERS TO STUDY 




The prim ary purpose o f  t h i s  d is s e r ta t io n  i s  to  experim en ta lly  
e v a lu a te  th e  p e r tu rb a tio n  o f th e  dose d is t r ib u t io n  in  a bounded medium 
fo r  m onoenergetic, p o in t - is o t r o p ic  gamma so u rces . This study  i s  o r i ­
en ted  to  th e  fo rm ula tion  o f dose c a lc u la tio n s  as proposed by th e  M edical 
In te rn a l  R ad iation  Dose (MIRD) Committee (MIRD 1968).
The study  o f e f f e c ts  fo r  photons in  bounded media has become n eces­
sa ry  because o f  th e  in c reased  use o f  photon sources in  f i n i t e  ta rg e ts  
fo r  m edical and in d u s t r ia l  pu rposes. Also th e  c u rre n tly  a v a ila b le  meth­
ods o f  dose c a lc u la tio n s  need experim ental in fo rm ation  about th e  approx­
im ation  to  unbounded media.
1.2 H is to r ic a l  Review
For in te r n a l  p o in t so u rces , th e re  a re  th re e  methods o f c a lc u la tin g  
th e  gamma-ray dose to  p o in ts  w ith in  th e  ta r g e t  ( E l l e t t  1969). One is  
based on th e  assum ption th a t  th e re  i s  no change in  th e  number, energy, 
o r  an g u lar s p e c tra  o f  gamma-rays between th e  source and ta r g e t .  This 
"no ab so rp tio n "  approxim ation i s  reasonab ly  v a lid  over d is ta n ce s  o f  a 
few cen tim ete rs  f o r  gamma-rays from radium decay p ro d u c ts . In t h i s  
c a se , th e  a tte n u a tio n  o f  th e  gamma-rays c lo se  to  th e  radium source is  
n e a r ly  balanced  by th e  in c re a se d  dose due to  s c a t t e r  (M eredith e t  a l .
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1966). C onsequently, th e  development o f  a b e t t e r  approxim ation fo r  
the  dose d is t r ib u t io n  d id  n o t a r is e  from the  d o s im e tric  requirem ents 
a t the  s i t e  o f i r r a d ia t io n  b u t by concern over th e  t o t a l  energy ab­
so rp tio n  in  p a t ie n ts .
S ince the  a tte n u a tio n  o f  radium gamma-rays cannot be n eg lec ted  
over d is ta n ce s  o f  i n t e r e s t  in  t o t a l  body dosim etry , a second method o f 
c a lc u la tin g  th e  gamma-ray dose, which assumes th a t  the  gamma-ray energy 
undergoes exp o n en tia l ab so rp tio n  between the  source and th e  p o in ts  o f 
i n t e r e s t ,  i s  commonly used. Mayneord i n i t i a t e d  s tu d ie s  o f  t h i s  problem 
(Mayneord 1940; Mayneord and C larkson, 1944; Mayneord, 1944, 1945) by 
in tro d u c in g  a p o in t source fu n c tio n  c h a ra c te r iz e d  by an exp o n en tia l 
term con ta in in g  th e  " e f fe c t iv e "  abso rp tio n  c o e f f ic ie n t .  The ideas and 
m athem atical techn iques developed in  h is  s tu d ie s  were c a r r ie d  over in to  
the  dosim etry o f  o th e r  iso to p es  by M arin eH i, Quimby and Mine (1948) in  
which a g e n e ra liz e d  system  o f  gamma-ray dosim etry  was developed.
M arineH i e t  a l . g e n e ra liz e d  M ayneord's equations by s u b s t i tu t in g  a 
q u a n tity  now known as r ,  th e  s p e c i f ic  gamma-ray co n s tan t (I .C .R .U ., 
1962) fo r  th e  roen tgen  exposure r a te  fo r  radium , and by in c lu d in g  u n i­
formly d is t r ib u te d  a c t i v i t y  through in te g ra t io n  over th e  source volume. 
However, th e  in te g ra te d  geom etrical fa c to r  i s  r a th e r  a r b i t r a r y  and 
o ften  a poor exp o n en tia l assum ption fo r  low-energy photon so u rces . Al­
though th e  use o f in te g ra te d  geom etrical f a c to r s  in  dose c a lc u la tio n s  
may be j u s t i f i e d  a t  en erg ies  above se v e ra l hundred keV; a th i r d  method, 
the  exac t s c a t te r in g  c a lc u la t io n , o fte n  p rov ides b e t t e r  e stim ates  o f
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the  dose a t  a l l  e n e rg ie s , as w e ll as ex p resses th e  dose d i r e c t ly  in  
rads w ithou t having to  use th e  ro e n tg e n -to -ra d  conversion fa c to r .
1.3 Methods o f C a lcu la tin g  Gamma-Ray Dose
In co n sid e rin g  ex ac t methods o f p re d ic t in g  the  gamma-ray dose, a 
d i f f e r e n t i a l  eq u ation  which d e sc rib e s  th e  change o f  photon f lu x  w ith  
p o s it io n  in  a s c a t te r in g  medium i s  used. The balance  equation  o f photon 
number (o r photon energy) and d ire c t io n  i s  c a lle d  a t r a n s p o r t  equation  
and i s  s im i la r  to  eq uations developed by Boltzman to  d e sc rib e  gaseous 
d if fu s io n . The tr a n s p o r t  eq u a tio n  i s  a p p lic a b le  to  e i th e r  an i n f i n i t e  
medium o r bounded reg io n s  co n ta in in g  v a rio u s  m a te r ia ls .  However, d i r e c t  
num erial in te g ra t io n  o f th e  dose t ra n s p o r t  equation  even w ith  th e  
sim p lest o f  boundary co n d itio n s  i s  no t p o s s ib le  on th e  la r g e s t  com puters. 
In s te a d , s e m i-a n a ly tic a l  p rocedures to  p rov ide  approxim ate so lu tio n s  have 
been used (Fano £ t  1959). Only th e  moments and Monte C arlo  methods 
y ie ld  more than  asym pto tic  s o lu tio n s  to  th e  t ra n s p o r t  eq u a tio n . The 
moments method g ives the  s p a t i a l  moments o f  th e  dose d i s t r ib u t io n  r a th e r  
than an a n a ly t ic a l  ex p ressio n  fo r  the  dose as a fu n c tio n  o f  th e  s p a t i a l  
v a r ia b le s .  From th e se  moments, a s e r ie s  expansion th a t  approxim ates th e  
values o f  th e  dose as a fu n c tio n  o f th e  d is ta n c e  from a source  is  ob­
ta in e d . The main l im ita t io n  o f  th e  moments method i s  i t s  r e s t r i c t i o n  to  
gamma-ray d if fu s io n  in  an i n f i n i t e  homogeneous medium. The Monte C arlo 
method ev a lu a te s  th e  t r a n s p o r t  equation  by means o f random sam pling and, 
because each in te ra c t io n  i s  t r e a te d  s e p a ra te ly , i s  ad ap tab le  to  bound­
ary  problem s. As a r e s u l t ,  th e  o b je c tiv e  o f  t h i s  d is s e r ta t io n  i s  to  
c o r re la te  th e  p h y s ica l r e a l i t y  o f  boundary e f f e c ts  fo r
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photons to  th e  Monte C arlo computer c a lc u la tio n s  and th eo ry .
1 .4  Form ulation o f  Study
The Monte C arlo method i s  commensurate w ith  th e  th eo ry  used by 
th e  MIRD Committee to  c a lc u la te  absorbed dose. The edge e f f e c t  study  
i s  r e la te d  to  absorbed dose c a lc u la t io n s  through th e  fo rm u la tio n  o f 
th e  MIRD Committee. I t  i s  th e re fo re  n ecessa ry  in  th i s  s e c tio n  to  in ­
troduce  t h e i r  nom enclature and th e o ry .
The MIRD dose equations a re  based  on energy a b so rp tio n  r a th e r  
than a i r  io n iz a t io n .  The u n i t  o f  absorbed dose as d e fin ed  by th e  
I.C .R .U . (1956, 1962) i s  th e  rad  (100 ergs p e r gram). S p e c if ic a l ly ,  
th e  dose D i s  equal to  th e  q u o tie n t o f  AE^, th e  energy im parted  by 
io n iz in g  r a d ia t io n  to  m a tte r  in  a volume elem ent o f  mass Am, by Am 
(I.C .R .U . 1962):
AE
D = rad  . (1)
To con v en ien tly  d e sc rib e  th e  em itted  energy , A^, fo r  a photon o f  
f r a c t io n a l  abundance n^ (c o rre c te d  f o r  in te r n a l  conversion) and energy 
E^ (meV), MIRD (1968) has in tro d u ced  th e  eq u ilib riu m  dose co n stan t
Brownell e t  a l . (1968) and Diliman (1969) have a c a lc u la te d  Â  f o r  a 
number o f  commonly used ra d io n u c lid e s . Table I g ives th e  A  ̂ f o r  th e  
ra d io n u c lid e s  used in  th e se  s tu d ie s .
Table I . E quilib rium  absorbed dose c o n s ta n ts .
R adionuclide H a lf - l i f e P r in c ip a lEnergy A^Cg-rad/yCi-h)
C obalt-57 270 days 123 keV 0.226.
T in -113 115 days 393 keV 0.548
Cesium-137 30 years 662 keV 1.199
^Brownell e t  a l .  (1968) and Diliman (1969).
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The dose D(r) from an in te rn a l  source i s  comprised o f  both  
s c a t te re d  and u n sc a tte re d  photons (D  ̂ and re s p e c t iv e ly ) .
D(r) = D (r)  + D (r)  s P
Independent o f  boundary c o n d itio n s , th e  dose from u n sca tte re d  
(prim ary) r a d ia t io n  can be detem iined a n a ly t ic a l ly  w ith  th e  use o f an 
exponen tia l term  co n ta in in g  th e  t o t a l  l in e a r  ab so rp tio n  c o e f f ic ie n t ,  
VitC^i)» fo r  th e  prim ary  r a d ia t io n .
-y (E .) r
A Ai y, (E ) e
D„(r) = -----------------------     rad  (2)
P p4 :r^
where À = Cumulative a c t i v i ty  fo r  a p o in t source (uCi-h)
y^ = L inear energy t r a n s f e r  c o e f f ic ie n t  fo r  th e  prim ary ra d ia t io n  
(cm"i)
p = D ensity  o f  t a r g e t  (g-cm“^)
r  = D istance from source to  p o in t o f  i n t e r e s t  (cm).
However, to  in c lu d e  dose c a lc u la tio n s  fo r  s c a t te r in g  m edia, th e  
term energy t r a n s f e r  bu ild u p  f a c to r ,  B, was in tro d u ced . B i s  a func­
tio n  o f bo th  th e  i n i t i a l  energy E^, th e  d is ta n ce  from the  source r ,  
and the  source c o n fig u ra tio n  and boundary co n d itio n s  u ,
B ( E . . r . u ) = ^
D (r)
= '  " •
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T h ere fo re , th e  t o t a l  absorbed dose fu n c tio n  fo r  a p o in t source 
becomes
'‘kD M  .  A 6.  B r a d  . (3)
Equation (3) i s  th e  fundam ental absorbed dose equation  which i s  o ften  
used to  a n a ly t ic a l ly  c a lc u la te  th e  energy ab so rp tio n  bu ildup  f a c to r ,
B. However, im p lic i t  in  Equation (3) a re  th e  r e s t r i c t io n s  o f  a p o in t 
is o t r o p ic  source and homogeneous unbounded media. I t  i s  a com bination 
o f both  th e  second method (a tte n u a tio n )  and th e  th i r d  method (exact 
s c a t te r )  fo r  c a lc u la t in g  gamma-ray absorbed dose. To use only th e  ex­
a c t s c a t t e r  method new term s must be de fin ed .
Absorbed f ra c t io n s  a re  u se fu l fo r  c a lc u la tin g  th e  average gamma- 
ray  energy absorbed by a volume co n ta in in g  r a d io a c t iv i ty .  The absorbed 
f r a c t io n  i s  d efined  as th e  r a t io  o f  th e  energy absorbed in  th e  ta rg e t  
to  th e  energy em itted  by th e  so u rce .
_ energy absorbed .
energy em itted  '• ^
I t  i s  a fu n c tio n  o f  th e  photon energy E^, th e  mass o f th e  absorbing 
volume m, and th e  geometry o f th e  source and ab so rb er. Using th is  
term , th e  average dose D rece iv ed  by a ta rg e t  o f  mass m from a p o in t 
source o f  cum ulative a c t i v i ty  À i s
8
For uniform ly d is t r ib u te d  a c t iv i ty  in  which th e  source volume i s  th e  
same as th e  ta r g e t  volume, th e  average dose D i s
D = Cj rad  (6)
where C i s  th e  cum ulative co n cen tra tio n  o f  a c t i v i t y  in  yC i-h /g .
To extend th e  id e a  o f  absorbed f ra c t io n s  to  in c lu d e  th e  dose a t  
a  p o in t ,  th e  s p e c i f ic  absorbed f r a c t io n ,  $, was in tro d u ced  by Loevinger 
and Berman (1968). $ i s  th e  f r a c t io n  o f . th e  em itted  energy absorbed
p e r  gram o f  absorb ing  m a te r ia l  a t  the  p o in t o f  i n t e r e s t . The absorbed 
dose equation  i s  th en  exp ressed  a s ,
D = ÂT A.$. rad  . (7)
Unlike th e  absorbed f r a c t io n ,  (j>, which i s  d im en sio n less , th e  s p e c i f ic  
absorbed f r a c t io n ,  $ , has th e  u n i ts  p e r  gram (g~^). By d e f in i t io n ,  $ 
i s  bounded by zero  and one, b u t $ can have any p o s i t iv e  va lue  depending 
on the  amount o f  ab so rp tio n  p e r  gram o f the  ta r g e t  re g io n . I t  i s ,  
however, a  u se fu l form alism  f o r  p re sen tin g  r e s u l t s  o f  exac t s c a t te r in g  
c a lc u la t io n s , and th e re fo re  w i l l  be th e  f a c to r  which i s  used to  de­
sc r ib e  th e  edge e f f e c t  fo r  photons in  a  bounded medium.
CHAPTER II
THERMOLUMINESCENT DOSIMETRY
2.1  H is to r ic a l  Review
The phenomenon o f  therm olum inescence was f i r s t  re p o rte d  as f a r  
back as th e  sev en teen th  cen tu ry  by th e  p h y s ic i s t  Boyle, w hile  he was 
s tu d y in g  th e  p ro p e r t ie s  o f  diamonds. From th a t  tim e through th e  e a r ly  
1900*s v i r t u a l ly  no p ro g ress  was made tow ard th e  p r a c t ic a l  use o f 
therm olum inescence as a dosim etry  system . F in a l ly ,  in  1947, Dr. F. 
D aniels o f  th e  U n iv e rs ity  o f  W isconsin v is u a l iz e d  th e  p o s s ib i l i t i e s  o f  
th i s  phenomenon fo r  p r a c t ic a l  dosim etry  and i n i t i a t e d  th e  f i r s t  p ro ­
gram o f  re sea rch  d ed ica ted  to  study  in  th i s  f i e l d .  Between 1950 and 
1960 th e re  was a b r i e f  lag  in  th e  re sea rch  o f  therm olum inescence. In 
1960 new i n t e r e s t  was s tim u la te d  through re sea rc h  in  th is  f i e ld  due to  
th e  e f f o r t s  o f  Dr. John R. Cameron o f  th e  Radiology Department a t  th e  
U n iv e rs ity  o f  W isconsin. Today, as a  r e s u l t  o f  ex ten s iv e  re sea rch  in  
th e  a p p lic a tio n s  o f  therm olum inescent d e te c to r  (TLD) system s, e sp e c i­
a l ly  fo r  c l i n i c a l  dosim etry  and h e a lth  p h y sics  a p p lic a t io n s , th e re  a re  
a dozen companies invo lved  in  th e  m anufacture o f  th e se  system s. Each 
o f  th e se  systems has i t s  own p a r t i c u la r  c a p a b i l i t i e s .  The c u rre n t de­
velopment and fu tu re  a p p lic a tio n s  o f  TLD system s a re  c o n s ta n tly  in ­
c re a s in g . There a re  many re fe re n ce s  a v a i la b le  which e la b o ra te  on th e  
d e ta i l s  o f  th e  mechanics and th eo ry  o f  therm olum inescence d e te c tio n , 
as w e ll as th e  h i s to r i c a l  development o f  th e  f i e l d  (A ttix , 1967: Cameron, 




Thermoluminescent dosim etry  has added an a d d itio n a l v e r s a t i l i t y  
fo r  m easuring r a d ia t io n .  Several d is c ip l in e s  o f  sc ien ce  a re  f in d in g  
u se fu l a p p lic a tio n s  fo r  TLD system s.
The use o f  a therm olum inescent d e te c to r  system  made th i s  re sea rc h  
f e a s ib le .  The TLD system  used in  t h i s  re se a rc h  was a  Harshaw TLD 
A nalyzer Model 2000 and Harshaw LiF-100 ex truded  rod d e te c to rs  (1 .4  mm 
X 1.4  mm X 7 mm). (See F igures 1 and 2 r e s p e c t iv e ly ) .  The e x p e r i­
m ental o b je c tiv e s  could only  be o b ta in ed  by a  d e te c tio n  system  which 
would no t ap p rec iab ly  d i s t o r t  th e  r a d ia t io n  f i e l d  y e t s e n s i t iv e  enough 
to  q u a n t i ta t iv e ly  ga in  in fo rm ation  about th e  absorbed dose. The phy­
s ic a l  dimensions o f  a Lithium F lo u rid e  therm olum inescent c r y s ta l  de­
t e c to r  i s  a good approxim ation to  th e  id e a l  "P o in t D e tec to r"  in  ad d i­
t io n  to  p ro cess in g  approxim ate t i s s u e  eq u iv a len ce . The sm all p h y s ica l 
dimensions th a t  can be ob ta ined  w ith  th e  TL c r y s ta l  m a te r ia l o f  m i l l i ­
gram q u a n t i t ie s  i s  one o f  th e  most prom ising c h a r a c te r i s t ic s  o f  t h i s  
d e te c tio n  system . Endres (1965) has shown th a t  e s s e n t i a l ly ,  th e  TLD 
does n o t in t e r f e r e  o r  p h y s ic a lly  d is tu rb  th e  r a d ia t io n  f i e l d  which i s  
being measured i f  i t  i s  a t  l e a s t  two cm from th e  so u rce . The t i s s u e  
equ ivalence approxim ation i s  based  on th e  e f f e c t iv e  atom ic number (Z)
o f th e  compound: Z ,. .  = 7 .14 ; 2 ..  = 7 .42 ; Z . = 7 .64 . C luchet^ L if  t i s s u e  a i r
and J o f f r e  (1967) have shown th a t  th e  s e n s i t i v i t y  o f  LiF r e l a t iv e  to  
t i s s u e  i s  p ro p o r t io n a l ,  and th e re fo re  can be considered  " t i s s u e  equival­







F ig u r e  2 . L iF -1 0 0  E x t r u d e d  Rod D e t e c t o r s  ( 1 .4  mm x 1 .4  mm x 7 mm)
a n d  P l a s t i c  M o u n ted  D is c s  ( 1 .2 7  cm d ia m . x  0 .6 3 5  cm. d e p th )  f o r  
S o u r c e s .
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in  th is  s tu d y ; however, many o th e r c h a r a c te r i s t i c  p ro p e r tie s  o f  TL 
systems were a lso  u se fu l fo r  dosim etry a p p lic a tio n .
F o rtu n a te ly , lith iu m  f lu o r id e  i s  one o f th e  most w idely used 
therm olum inescent dosim eter m a te r ia l .  I t s  d e s ira b le  r a d ia t io n  d o s i­
m etry p ro p e r tie s  have become w ell documented over the  l a s t  e ig h t years  
and in c lu d e : wide exposure measurements range (se v e ra l mR to  g re a te r
than  lO^R) (Palm er, 1966; Suntharalingam  e t  a l . , 1967; H a ll, 1966]; 
exposure r a te  independence to  g re a te r  than  10" rads p e r  second 
(Karzmark e t  a l . , 1954; T o ch ilin  and G o ld s te in , 1965); e s s e n t ia l  energy 
independence (Cameron e t  a l . , 1961; Jones e t  a l . ,  1966); long term  
response r e te n t io n  ( le s s  than  5 p e r cen t lo ss  o f  response a t  room 
tem perature  fo r  12 weeks) (Suntharalingam , 1968); and can be used to  
a cc u ra te ly  measure th e  response o f gamma-rays (Cameron, 1967). Cameron, 
Kenney, and Suntharalingam  (1968) have p u b lish ed  th e  f i r s t  t e x t  book in  
therm olum inescent dosim etry  which gives most re c e n t developm ents, and 
p rogress  r e p o r ts ,  made a v a ila b le  by Harshaw Chemical C o., a re  re le a s e d  
p e r io d ic a l ly  from th e  U n iv e rs ity  o f  W isconsin.
The b a s ic  mechanism o f  therm olum inescent dosim etry  i s  th e  em ission 
o f l ig h t  from h e a te d , c r y s ta l l in e  s o l id s  th a t  have p rev io u s ly  been ex­
posed to  r a d ia t io n . The l ig h t  ou tpu t i s  p ro p o r tio n a l to  th e  absorbed 
ra d ia t io n  energy (rad) and under c o n tro lle d , rep ro d u c ib le  co n d itio n s  i t  
can be used as a comparison w ith  r a d ia t io n  exposure (ro en tg e n ). Al­
though o th e r  c ry s ta ls  e x h ib it  th i s  p ro p e rty , today  th e  m a te r ia ls  most 
commonly used com m ercially a re  lith iu m  f lu o r id e ,  calcium  s u l f a te ,  
calcium  f lu o r id e  and lith iu m  b o ra te . The c u rre n t th eo ry  o f  th e  TL system
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r e la te s  th e  lum inescence ( l ig h t)  from th e  i r r a d ia te d  substance  (de­
te c to r )  which has been th e rm a lly  e x c ite d  (h e a te d ) , to  th e  presence  
o f  im p u ritie s  in  th e  m a te r ia l .  These im p u ritie s  p rov ide  t r a p  c en te rs  
in  th e  energy bands capable o f  a t t r a c t in g  and b in d in g  e le c tro n s  (o r 
h o le s) re le a se d  from th e  ground s t a t e  by io n iz in g  r a d ia t io n .  Manu­
fa c tu re r s  a re  ab le  to  produce such tra p  i r r e g u l a r i t i e s  by dropping th e  
base  c r y s ta l l in e  m a te r ia l  w ith  v a rio u s  compounds (Jones e t  a l . , 1964). 
When h e a t i s  ap p lied  to  th e  c r y s ta l ,  th e  bound e le c tro n s  (o r h o le s) in  
th e  t r a p  c en te rs  re c e iv e  enough k in e t ic  energy to  reach  th e  conduction 
o r  valence band; however, f in a l ly  recom bining w ith  a m e tastab le  ho le  
(o r th e  o r ig in a l  e le c tro n )  t r a p j  th e reb y  em ittin g  l i g h t .  The em itted  
l ig h t  o r  lum inescence i s  then  d e tec te d  by th e  p h o to m u ltip lie r  tube  o f  
a  TL an a ly ze r which e l e c t r i c a l l y  r e g is te r s  th e  response . The an a ly ze r 
recorded  response can be then  c o r re la te d  to  energy d e p o s it io n .
The c o r re la t io n  between .the em itted  l ig h t  and th e  energy d ep o sited  
in  th e  d e te c to r  m a te r ia l  can be exp lained  in  th e  f i r s t  approxim ation by 
a sim ple f i r s t - o r d e r - k in e t i c s  ( i . e .  no re tra p p in g  e f f e c ts )  model de­
veloped by Randall and W ilkins (1945). In  t h e i r  m athem atical model fo r  
therm olum inescence and lo n g -p e rio d  phosphorescence, i t  i s  re q u ire d  th a t  
each e le c tro n  tra p  was a  d i s t i n c t ,  s e l f - s u f f i c i e n t  e n t i t y .  Assuming no 
re tra p p in g  o f  the rm ally  re le a s e d  c a r r i e r s ,  they  p o s tu la te d  th a t  f o r  th e  
trap p ed  e le c tro n s  having  a M axwellian d i s t r ib u t io n  o f  therm al e n e rg ie s , 
th e  p ro b a b il i ty  o f  an e le c tro n  escap ing  p e r  u n i t  o f  tim e from a t r a p  o f  
depth E eV a t  tem peratu re  T °K, i s  given by
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P  = - s exp(-E/kT) (8)
where n i s  th e  number o f  t r a p s ,  k i s  B oltzm an's c o n s ta n t, and s i s  th e  
frequency f a c to r  f o r  c r y s ta l  l a t t i c e  v ib ra t io n s ;  i t  i s  alm ost a con­
s ta n t  (~10^°sec“ ^ ) , vary ing  only  s l ig h t ly  w ith  tem p era tu re . S ince 
th e re  a re  se v e ra l d i f f e r e n t  t r a p  depth g roups, th e  t o t a l  escape r a te  
i s  a  summation o f  th e  in d iv id u a l r a t e s .  A lso , s in c e  th e  e le c tro n s  (o r 
h o le s) escape from t h e i r  t r a p  c e n te rs  to  th e  conduction (o r valence) 
band by a p p lic a tio n  o f  s u f f i c i e n t  h e a t ,  in  o rd e r to  m ain ta in  long-term  
r e te n tio n  o f  dose response a t  ambient tem p e ra tu res , th e se  t r a p  c en te rs  
cannot be too  shallow . Cameron e t  a l . (1967) and B raunlich  e t  a l .
(1967) proposed more d e ta i le d  m athem atical models fo r  theim olum ines- 
cence, b u t a l l  th e se  can be g en e ra liz ed  to  f i t  th e  f i r s t  approxim ation 
model o f  R an d a ll-W ilk in s . That th e  concepts o f  th e  R andall and 
W ilk ins, model do n o t allow  a rig o ro u s  tre a tm en t o f  th e  e n t i r e  phenomenon 
o f TL w ith  LiF i s  obvious. But, i f  t h e i r  model i s  used fo r  r e la t in g  th e  
fa c to rs  o f  t r a p  d ep th , phosphorescence tim e , and tem peratu re  w ith in  the  
r a t io n a le  o f  an i s o la te d  lum inescence c e n te r ,  then  i t  can be used to  
d e sc rib e  b a s ic  o p e ra tio n a l therm olum inescence.
The most g e n e ra lly  used method o f  s tu d y in g  th e  energy d is t r ib u t io n  
o f e le c tro n  tra p s  i s  by means o f  a  "glow curve" (See F igure 3 ) . This 
i s  a  p lo t  o f  th e  l ig h t  ou tpu t v e rsu s  th e  tem peratu re  during  th e  h e a tin g  
p ro cess . The tem peratu re  in c re a se s  a t  a  co n s tan t r a t e  w ith  tim e. The 

















F i g u r e  3 . T y p i c a l  Glow C u rv e  o f  L iF  A f t e r  A n n e a l in g  One H o u r 
a t  4 0 0 °C .
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le v e ls  o f  th e  trap p ed  e le c tro n s . A h ig h e r tem pera tu re  would provide 
th e  n ecessa ry  k in e t ic  energy fo r  escape o f  th e  more deeply bound 
e le c tro n  (o r h o le ) .  Furtherm ore, s in ce  th e  h e a tin g  r a te  i s  kep t con­
s t a n t ,  th e  h e ig h t o f  th e  peaks w il l  g ive an approxim ate in d ic a tio n  o f  
the  r e l a t iv e  number o f  e le c tro n s  .trapped  a t  each o f  th e  energy le v e ls .
A u se fu l ex p ress io n  to  c o r re la te  glow-peak tem peratu re  w ith  is o ­
therm al phosphorescence decay can be d e riv ed  from Equation (8 ) . Now 
the  maximum in te n s i ty  o f  th e  glow occurs somewhat below th a t  tem pera­
tu re  a t  which th e  p ro b a b i l i ty  o f  an e le c tro n  escap ing  from a t ra p  i s  1 
p e r second. T h ere fo re , Equation (8) becomes
1 = s exp[- E/kTg{l + f ( s , g ) }]
o r
E = T {1 + f ( s ,8 ) }  k log s ,
. O
where T = tem peratu re  o f  the  glow peak; g = r a te  o f  warming (d T /d t) ; 
. 8
f ( s ,3 )  = fu n c tio n a l change from tru e  ex p o n en tia l decay which i s  much 
le s s  than  one. For a c o n s tan t h e a tin g  r a te  where 8 = 0 ,
E = Tg k logs . (9)
In te g ra tio n  o f  Equation (8) from th e  i n i t i a l  number o f  f i l l e d  tra p s  
n^ a t  t  = o , to  n f i l l e d  tra p s  to  t  = t  g ives
log  = -  S t  expC- E/kT) . (10)
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S u b s ti tu tin g  E from Equation (9) in to  Equation (10 ), th e  r e s u l t  i s
log . (11)
This equation  can be used to  a n a ly t ic a l ly  d esc rib e  th e  glow curve and 
re la te d  peaks.
Zimmerman e t  a l . (1967) have id e n t i f ie d  5 peaks in  th e  glow curve 
a lith iu m  f lu o r id e  phosphor. A fte r  i r r a d ia t io n ,  peaks 1 through 5 de­
cay a t  room tem perature  w ith th e  fo llow ing  approxim ate h a l f - l iv e s  :
5 m in ., 10 h r . , 0 .5  h r . , 7 y r . , and 80 y r . , r e s p e c tiv e ly . C onsequently, 
peaks 4 and 5 a re  most s u i ta b le  fo r  use  in  dosim etry  measurement. Peaks 
1, 2 and 3 can be s ig n i f ic a n t ly  reduced by p roper annealing  p rocedures 
which w il l  be d esc rib ed  n e x t.
2 .3  O perational Procedures
The m ajor l im ita t io n  on th e  p re c is io n  a t ta in a b le  w ith  thermolum­
in e sc e n t dosim etry  has been th e  presence o f  the  low tem peratu re  glow 
peaks. Like th e  dosim etry  peak 5 , th e se  peaks a re  produced as a r e s u l t  
o f  in c id e n t io n iz in g  r a d ia t io n ;  however, they  a re  a lso  produced by th e  
emptying o f  charge c a r r ie r s  from shallow  t r a p s ,  and decay s ig n i f ic a n t ly  
a t  ambient tem p era tu res . Thus, w ith  th e  common techn ique employed fo r  
TL read o u t, a given r a d ia t io n  dose produces a s ig n a l which i s  s tro n g ly  
dependent on th e  sh o rt- te rm  s to ra g e  tim e o f  th e  phosphor a f t e r  i r r a d i a ­
t io n .
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T h ere fo re , th e o r e t ic a l  co n s id e ra tio n s  dictate th a t  b e fo re  th e  L iF 
c r y s ta l  d e te c to r  (Harshaw LiP-100 c ry s ta ls  in  th i s  re sea rch ) can be 
exposed, a l l  energy t r a p  le v e ls  should  be emptied e q u a lly  each tim e.
To accom plish th i s  re fe re n c e  c o n d itio n , th e  Harshaw Chemical Company
(1968) has recommended two p r e - i r r a d i a t io n  annealing  procedures :
1) one.hour a t  400° C follow ed by 24 hours a t  80° C f o r  low dose ex­
p e rim en ts , and 2) one hour a t  400° C fo llow ed by 2 hours a t  100° C 
f o r  le s s  s e n s i t iv e  experim en tal exposures. The d if fe re n c e  in  th e  
second p r e - i r r a d i a t io n  an nea ling  procedure can be ex p la ined  by n o tin g  
th a t  th e  one hour a t  400° C em pties th e  tra p  le v e ls  f o r  th e  dosim etry  
peaks 4 and 5 , whereas th e  second tem peratu re  em pties th e  le v e ls  fo r  
th e  low tem peratu re  peaks 1, 2 and 3. Under th e  low dose exposure 
c o n d itio n , th e  room l ig h t  absorbed by peaks 1, 2 and 3 could in c re a se  
t h e i r  magnitude enough to  mask th e  prim ary peaks 4 and 5. Good p re ­
c is io n  and rep ro d u c ib le  r e s u l t s  would n o t then  be p o s s ib le . As an 
a d d itio n a l p re c a u tio n , a  recommended p o s t - i r r a d ia t io n  annea ling  o f  te n  
m inutes a t  100° C i s  a lso  used to  reduce th e  e f f e c t  o f  th e  " l ig h t  peaks" 
1, 2 and 3 which may have occurred  during  i r r a d ia t io n  and b e fo re  re a d ­
o u t. For th e  work in  t h i s  d i s s e r t a t io n ,  th e  longer p r e - i r r a d i a t io n  
annealing  cycle  was used fo r  g re a te r  re p ro d u c ib i l i ty  a t  low le v e ls  o f  
exposure (Karzmark e t  a l . , 1966). H a rris  and Jackson (1968) and 
C arlsson  (1969) have p u b lish ed  th e  most re c e n t a n a ly s is  o f  th e  therm al 
h is to ry  fo r  TLD LiF, b u t t h e i r  r e s u l t s  a re  n o t s ig n i f ic a n t ly  d i f f e r e n t  
from th e  recommended Harshaw p ro ced u res . A ll annealing  procedures 
were conducted in  a type-FlOSOO Thermolyne E le c t r ic  Furnace from th e  
Thermolyne C o rp o ra tio n , Dubuque, Iowa.
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B esides an n ea lin g , p ro p er hand ling  p rocedures were n ecessa ry .
The LiF rods were cleaned  in  a methanol r in s e  b e fo re  and a f t e r  u se ; 
and p e r io d ic a l ly  w ith  tr ic h lo ro e th y le n e  because any contam ination on 
th e  su rfa ce  o f  a  rod  would a l t e r  i t s  response  during  i r r a d ia t io n  and 
i t s  lum inescence during  re a d -o u t. The h e a tin g  p lan ch e ts  in  which th e  
rods were p la ce d  fo r  read -o u t by th e  Harshaw Model 2000A D etec to r 
System were a lso  p e r io d ic a l ly  b o ile d  in  t r ic h lo ro e th y le n e  fo r  ten  
m inutes fo llow ed by a quick methanol r in s e .  This procedure cleaned  
th e  p lan ch e ts  o f  contam ination and in c re a se d  t h e i r  u s e fu l l i f e t im e .
The geometry o f  th e  h e a tin g  p lan ch e ts  was designed  to  f i t  e x a c tly  th e  
dimensions o f  th e  LiF rods in  o rd e r to  a t t a in  good h e a t conduction 
f o r  in c re a se d  s e n s i t i v i t y  (Burch 1968). As recommended by Harshaw 
Chemical Company, a n itro g e n  purge o f  ~4 l i t e r s  p e r m inute was used 
to  minimize th e  dark c u rre n t (-lO 'i^A ) o f  th e  TLD system  which was 
o p e ra tin g  a t  900 v o l t s .  The n itro g e n  purge a lso  p reven ted  sco rch in g  
o f  th e  sample p la n c h e ts . A ll procedures were c a re fu l ly  s tan d a rd iz e d  
fo r  b e t t e r  r e p ro d u c ib i l i ty .  O ther d e ta i l s  th a t  were taken  in to  con­
s id e ra t io n  were s p e c i f ic  fo r  th e  Harshaw Model 2000 TL A nalyzer System, 
and a re  l i s t e d  in  th e  system  o p e ra tio n a l manual under th e  new ad d i­
t io n a l  s e c t io n  2-15 which was w r it te n  by th e  au th o r o f  t h i s  d i s s e r t a ­
t io n .
2 .4  C a lib ra tio n  Study
To measure tru e  dose (rad) th e re  a re  on ly  th re e  c u r re n tly  used 
s tan d a rd s : c a lo r im e try , chem ical dosim etry , and f r e e - a i r  io n iz a t io n
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chamber. Of th e s e , c a lo r im e try  is  the  only ab so lu te  measure o f  ab­
sorbed energy (I.C .R .U . 1962). TL dosim eters a re  n o t ab so lu te  ra d ia ­
tio n  d e te c to r s .  C onsequently , a l l  TLD systems must be c a l ib ra te d  by 
exposing th e  dosim eter to  known amounts o f  r a d ia t io n .
U n fo rtu n a te ly , p r a c t ic a l  methods o f c a l ib ra t io n  were developed 
b e fo re  th e  concepts o f  u n i ts  were w e ll d e fin ed . In  a d d itio n  to  th e  
confusion o f  u n iv e r s a l ly  accep ted  u n i t s ,  th e  p r a c t ic a l  use o f  ra d ia tio n  
m easuring dev ices com plicate  r e s u l t s  even f u r th e r  (I.C .R .U . 1959, 1962). 
P ra c t ic a l  s tan d a rd s  th a t  were used measured the  a b i l i t y  o f  a photon to  
produce io n iz a t io n  in  a i r  (ro e n tg e n ) . R ecently th e  roen tgen  has been 
red e fin ed  as th e  u n i t  o f  exposure r a th e r  than dose (energy d ep o sitio n  
in  m a t te r ) . "The s p e c ia l  u n i t  o f  exposure i s  th e  ro en tg en , R, where 
IR = 2.58 X 10"4 Coulomb p e r  kg ( a i r ) "  (I .C .R .U ., 1962). I t  i s  p o ss ib le  
to  convert exposure to  absorbed dose in  rads prov ided  charged p a r t i c le  
eq u ilib riu m  e x is t s  and th e  s p e c tra l  d i s t r ib u t io n  o f  th e  photons a t  the  
lo c a tio n  o f  i n t e r e s t  i s  known.
Charged p a r t i c l e  eq u ilib riu m  has been defined  in  s e v e ra l te x ts  
(Johns, 1964; Mine and B row nell, 1964). When a photon s t r ik e s  an ob­
j e c t ,  i t  io n iz e s  th a t  m a te r ia l .  The secondary charged p a r t ic le s  
(e le c tro n s )  which a re  consequently  s e t  in  m otion, t r a v e l  a  c e r ta in  d is ­
tan ce  (range) which i s  a  fu n c tio n  o f the  photon energy and th e  medium.
I f  a l l  th e  secondary e le c tro n s  c rea ted  by th e  photons a re  stopped in  
th e  i r r a d ia te d  medium, then  th e  complete absorbed dose o f  th e  photon i s  
produced. However, i f  as many e le c tro n s  come to  r e s t  as a re  s e t  in to
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motion in  th e  medium, then  th e  same e f f e c t  r e s u l t s .  The amount o f  ma­
t e r i a l  re q u ire d  to  achieve th is  charged p a r t i c l e  eq u ilib riu m  i s  de­
fin ed  as th e  bu ildup  m a te r ia l .
Under th e  co n d itio n s  o f  charged p a r t i c l e  e q u ilib riu m , th e  dose in  
a medium from a given exposure o f  gam m a-radiation i s  p ro p o r tio n a l to  
th e  energy absorbed in  a i r  p e r  roen tgen , and to  th e  r a t i o  o f  th e  mass 
energ y -ab so rp tio n  c o e f f ic ie n ts  o f  th e  medium and a i r  (Wgn/p)- This 
r a t i o  v a r ie s  w ith  photon energy which i s ,  a ls o ,  in  a s c a t te r in g  medium 
a fu n c tio n  o f  p o s i t io n .
The energy t r a n s fe r re d  to  a i r  from a 1 roen tgen  exposure i s  86.9 
e rg s /g  ( I .C .R .U ., 1962), th e  l in e  above th e  9 in d ic a t in g  th a t  i t  i s  no t 
a s ig n i f ic a n t  number. This conversion f a c to r  i s  based on th e  assump­
tio n  th a t  33.7 eV a re  re q u ire d  to  produce one ion p a i r ,  and th a t  th is  
energy q u a n tity  i s  independent o f  bo th  th e  gamma-ray and secondary 
e le c tro n  energy spectrum . Under th e se  and charged p a r t i c l e  eq u ilib riu m  
c o n d itio n s , th e  energy absorbed p e r  gram from a exposure o f  R roentgens 
by gamma-rays o f  energy E i s
where
Medium = ^ (12)
(---- - —) medium ,
f(E) = 0.869  ( ï s ü s r )  • (13)
 ) a i r
23
The roentgen  to  rad  conversion  based on only i n i t i a l  energy i s  a t  b e s t  
an approxim ation. Tables o f  f(E ) as a fu n c tio n  o f  photon energy fo r  
various t i s s u e s  have been p u b lish ed  by th e  I.C .R .U . (1962). U sually , 
s u f f ic ie n t  d a ta  on th e  photon s p e c tra l  d is t r ib u t io n  a re  no t a v a ila b le , 
and o fte n  th e  assum ption i s  made th a t  th e  energ y -ab so rp tio n  c o e f f ic ie n t  
does no t change much w ith  energy . In t i s s u e  and t is s u e -e q u iv a le n t  ma­
t e r i a l ,  th i s  assum ption i s  a reasonab le  approxim ation s in ce  th e  maximum 
v a r ia t io n  o f  f(E ) i s  only 10 p e r  cen t fo r  photons between 0.01 and 10 
MeV ( E l l e t t ,  1969). The LiF conversion  fa c to rs  used f o r  the  energ ies  
in  th is  re sea rc h  were o b ta in ed  from p u b lic a tio n s  o f  E l l e t t  (1969) fo r  
th e  low energy so u rces , and A ttix  (1969) f o r  c o lb a lt-6 0  source.
Two methods o f  c a l ib r a t io n  were used . Each was conducted a t  a 
d i f f e r e n t  h o s p i ta l  f a c i l i t y  f o r  th e  purpose o f  c rosscheck ing  th e  ac­
curacy o f  th e  r e s u l t s .  The f i r s t  c a l ib r a t io n  techn ique  was conducted 
a t  Jackson Memorial H o sp ita l , Miami, F lo r id a . I t  c o n s is te d  o f  exposing 
LiF ro d s , which were enclosed  by s u f f i c i e n t  bu ildup  m a te r ia l (5mm o f 
lu c i te )  fo r  Co-60 ra d ia t io n  (B arnard, 1964). The r a d ia t io n  source  was 
a P ickard  T hefkpeu tic  U nit which had been c a l ib ra te d  w ith  a NBS c a l i ­
b ra te d  V ic to reen  chamber. Dose values were computed u s in g  the  f  f a c to r  
fo r  w ater medium, c o rre c t in g  f o r  b a c k s c a tte r  and b u ild u p  m a te r ia l a t ­
te n u a tio n . The second c a l ib r a t io n  was conducted a t  Mount S in a i H o sp ita l , 
Miami Beach, F lo r id a , u sing  a Framer-Balwin io n iz a t io n  chamber th a t  had 
a re p o rte d  accuracy o f  ± 1 p e r  cen t o f  th e  measured va lue  w ith in  th e  
range o f  5R to  120R (c a l ib ra te d  a t  th e  N a tio n al P h y sica l Laboratory  NPL,
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London, E ngland). The procedure follow ed in  th is  c a l ib r a t io n  was 
s im ila r  to  th e  f i r s t  techn ique  excep t th e  LiF rods were in s e r te d  in to  
a w ater phantom (30cm x 30cm) 5cm below th e  s u rfa c e . The absorbed 
dose was determ ined by fo llow ing  e x a c tly  th e  method p re sc r ib e d  in  th e  
"Codes o f  P ra c tic e  f o r  R ad ia tion  Dosim etry" by th e  H o sp ita l P h y s ic is t s ' 
A sso c ia tio n , 6 Paddington S t r e e t ,  London W.I. (1964). This method 
used th e  f  f a c to r  fo r  w ater medium c o rre c te d  fo r  dep th . The good 
c o r re la t io n  o f  th ese  two techn iques i s  shown in  F igure 4. These c a l i ­
b ra tio n  procedures were rep ea ted  p e r io d ic a l ly  during  th e  e n t i r e  p e rio d  
o f  re s e a rc h . They were a lso  c a r r ie d  out a f t e r  replacem ent o f  h e a tin g  
p la n c h e ts , because re p o r ts  in d ic a te d  a decrease  in  s e n s i t i v i t y  o f  up 
to  15 p e r  cen t between new and ta rn is h e d  p lan ch e ts  (Cox, 1968). A ll 
read ing  and hand ling  procedures used during  c a l ib ra t io n  were follow ed 
e x a c tly  during  measurements.
During read -o u t w ith  th e  TLD system , th e  c u rre n t proven method 
o f  o b ta in in g  a m eaningful TL response which can be c o r re la te d  to  r a d i ­
a tio n  exposure i s  (Cox, 1968):
1) Read i r r a d ia te d  therm olum inescence c r y s ta l  sample;
2) Cool sample to  th e  i n i t i a l  tem peratu re  used in  s te p  one;
3) R e-read TL sample;
4) C o rre la te  th e  a lg e b ra ic  d if fe re n c e  o f  th e  above two read in g s  
to  th e  a p p ro p ria te  dose d e te rm in a tio n .
This procedure  minimizes th e  u n d esired  v a r ia t io n s  r e s u l t in g  from non­
ra d ia t io n  induced therm olum inescence (NRI-TL) and perm its  th e  m easure­
ment o f  a zero response  (th e  a lg e b ra ic  d if fe re n c e  o f  th e  two sample
25
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Figure 4. In te r - h o s p i ta l  C a lib ra tio n  Curve: TL Response v s . Dose
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read in g s  i s  z e ro ). The advantage o f t h i s  method o f  e lim in a tin g  NRI-TL 
v a r ia t io n s  i s  no ted  by Jones and B jarngard (1968). According to  th i s  
correspondence, under optimum s ig n a l to  n o ise  r a t i o ,  i t  i s  th e  v a r ia ­
t io n s  in  th e  background s ig n a l and n o t th e  ab so lu te  magnitude o f th e  
background and i t s  components th a t  l im i t  th e  measurements o f  lower 
d oses. Thus, tak in g  th e  d if fe re n c e  o f  su b seq u en tia l read in g s  fo r  one 
TL c r y s ta l  sample c o rre c ts  fo r  background independently  each tim e and 
p ro v id es  a means to  reduce th e  e r r o r  caused from v a r ia t io n s .  The ad­
vantage o f  a measured zero i s  th a t  th e  s t a b i l i t y  o f  th e  TLD system 
(dark c u rre n t and in d iv id u a l TL sample v a r ia t io n )  i s  checked.
CHAPTER I I I  
METHODS AND CALCULATIONS
3.1 A r t i f a c ts
A r t i f a c t  i s  d e fin ed  as th a t  e f f e c t  which r e s u l t s  from th e  imposed 
geom etric c o n d itio n s . In th ese  s tu d ie s ,  a r t i f a c t s  a re  e f f e c t s  on th e  
dose d is t r ib u t io n  r e s u l t in g  from th e  given experim ental model. The 
word model i s  used to  d esig n a te  th e  s e t  o f  assumed s p a t i a l ,  s t r u c tu r a l ,  
and k in e t ic  co n d itio n s  fo r  which dose c a lc u la tio n s  a re  to  be made.
Thus, th e  a r t i f a c t s  to  be s tu d ie d  in  th i s  d is s e r ta t io n  were source 
edge e f fe c ts  and TLD edge e f f e c ts  o f  photons in  a bounded medium.
The source edge e f f e c t  study  was designed to  determ ine w hether o r 
no t th e re  was a  d is tu rb an ce  o f th e  ra d ia t io n  f i e l d  by th e  boundaries 
o f  the  phantom ( i . e .  from th e  m odel), when th e  source lo c a tio n  was 
v a rie d  w ith  re sp e c t to  th e  bo u n d aries.
The TLD edge e f f e c t  s tudy  was planned to  analyze th e  p e r tu rb a tio n  
o f  the  dose d is t r ib u t io n  occu rrin g  from th e  presence o f  phantom 
b o u n d arie s .
The phantom m a te r ia l (ob ta ined  from James P ir d le r  and Company,
L td ., M ansell Works, M ansell Road, Acton V ale, London W.3, England) i s  
t i s s u e  eq u iv a len t rubber c o n s is tin g  o f po ly isop rene  (Cg Hg). I t  i s  
re a d ily  m achineable and rece iv ed  in  s lab  from (38 cm x 38 cm x 2 cm) 
fo r  convenient han d lin g . S tacey e t  a l . (1961) have found t h i s  vu lcan ized
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rubber compound usab le  as a t i s s u e  eq u iv a len t phantom m a te r ia l w ith in  
th e  photon energy range 30 to  662 keV. In  both th e  source  and th e  TLD 
edge e f f e c t  s tu d ie s ,  th e  phantom was comprised o f  fo u rtee n  s la b s  o f 
th i s  t i s s u e  eq u iv a len t rubber s tacked  v e r t i c a l ly  to  form a re c ta n g u la r  
b lock 38cm x 38cm x 28cm (see F igure 5 ) . The source and TLD's were 
a l l  in s e r te d  in to  one o f the  fo u rteen  s lab s  c a lle d  th e  d e te c to r  s la b .
The sources used in  th is  re sea rch  (Co-57, Sn-113, and C s-137) 
were encapsu lated  in  s p e c ia l ly  designed 1.27cm d iam eter x 0.635cm deep 
p l a s t i c  d isc s  by New England N uclear C o rpo ra tion , Boston, M assachusetts 
(See F igure 2 ). They were no t id e a l p o in t so u rces ; however, th i s  f a c t  
only in troduced  a sy stem a tic  b ia s  o f  le s s  than 1 p e r  cen t s tan d a rd  de­
v ia t io n  in  a comparison o f experim ental r e s u l t s  made w ith  th e o r e t ic a l  
p o in t source fu n c tio n s  ( E l l e t t ,  1969; M eredith e t  a l . 1966). There­
fo re , th e  p l a s t i c  mounted sources were assumed p o in t-ap p ro x im ate .
3.2 Source Edge E ffe c t Study
In o rd e r to  adequate ly  examine th e  dose d i s t r ib u t io n  f o r  p o in t-  
approxim ate sources in  bounded m edia, the  q u estion  o f  any e f f e c ts  on 
th e  sources which were f i n i t e l y  n ea r boundaries had to  be answered.
This study was prompted fo r  l a t e r  a s c e r ta in in g  th a t  th e  dose p e r tu r ­
b a tio n  from a bounded medium was a c tu a lly  caused by th e  boundary in ­
fluence  on th e  dose d i s t r ib u t io n ,  and n o t by th e  boundary e f f e c ts  on 
both  th e  dose and th e  sou rce . In  a d d itio n , t h i s  study  allow ed d e te r ­
m ination o f  th e  p re c is io n  a t ta in a b le  fo r  th e  Harshaw L iF -100 extruded 
rods under th e  given experim ental co n d itio n s . P re c is io n  i s  defined
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F i g u r e  5 . T i s s u e - E q u i v a l e n t  R u b b e r  P h an to m  
(3 8  cm X 38 cm X 24 c m ) .
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as a measure o f  agreement among in d iv id u a l m easurements. The r e s u l t s  
o f  th e  p re c is io n  determ ined th e  b a s is  fo r  c r i t e r i a  in  th e  TLD edge 
e f f e c t  s tu d y .
In d esign ing  th e  d e te c to r  s lab  fo r  th e  source  edge e f f e c t  s tu d y , 
s e v e ra l f a c to rs  had to  be co n sid ered . The c ru c ia l  problem was to  in ­
clude a s ig n i f ic a n t  range o f  source lo c a tio n s  w ith  re sp e c t to  th e  
b o u n d arie s , w hile  exclud ing  any boundary e f f e c ts  on th e  d e te c to r s .  At 
th e  same tim e th e  s o u rc e - to -d e te c to r  d is ta n c e  had to  f u l f i l l  two con­
d i t io n s :  1) th e  dose , accum ulated in  a reaso n ab le  exposure tim e , was
la rg e  enough to  be measured e a s i ly  and a c c u ra te ly  and 2) th e  L iF -100 
d e te c to rs  were p laced  under the  same co n d itio n s  fo r  th e  p re c is io n  com­
p a riso n . The d e te c to r  s la b  was cen te red  in  th e  phantom o f s tack ed  
s la b s ,  so th a t  no v e rtic a l-b o u n d a ry  e f fe c ts  would occu r, i . e .  so  th a t  
edge e f f e c ts  on th e  d e te c to r  s la b  from th e  top  o r  bottom o f . th e  phantom 
were n e g l ig ib le .
F igure  6 i l l u s t r a t e s  th e  d e te c to r  s la b  fo r  th e  so u rce  edge e f f e c t .  
There a re  th re e  source  in s e r t s  lo c a ted  on th e  d iagonal o f  th e  s la b .
The p e rp e n d icu la r  d is ta n c e s  o f  each o f  th e se  in s e r t s  to  both  edges a re  
7cm, 10cm and 14 cm. These d is ta n ce s  f a l l  w ith in  and w ithou t about 
one mean f re e  p a th  from th e  edges f o r  each o f th e  th re e  ra d io a c tiv e  
sources used in  th e  s tu d y . The low energy photon (123 keV) o f  Co-57 
has a mean f re e  p a th  (mfp) o f  about 7cm in  th e  t i s s u e  e q u iv a len t rubber, 
th e  393 keV photon o f  Sn-113 has approxim ately  a 9 cm mfp, and th e  662 
keV photon o f  Cs-137 has about a  12cm mfp. The TLD in s e r t s  were d r i l l e d  
to  form an a rc  7cm from th e  so u rce . This d is ta n c e  allow ed a  s u f f ic ie n t
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F i g u r e  6 . D e t e c t o r  s l a b  f o r  s o u r c e  e d g e  e f f e c t  s t u d y  ( s o u r c e - d e t e c t o r  
d i s t a n c e  7 cm)
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dose to  be accum ulated in  a  reaso n ab le  leng th  o f tim e , and the  L iF -100 
d e te c to rs  to  be n e g lig ib ly  e f fe c te d  by any b oundaries. S ince th e  TLD's 
were p laced  in  an a rc ,  each one was a t  th e  same f ix e d  d is ta n c e  from 
th e  source and consequently  under equal cond itions fo r  comparison o f 
response .
The c a lc u la tio n s  used to  d e sc rib e  th e  experim ental d a ta  fo r  th e  
source edge e f f e c t  study  involved  the  a n a ly s is  o f  v a ria n ce . V ariance 
a n a ly s is  i s  a s t a t i s t i c a l  procedure fo r  te s t in g  fo r  d iffe re n c e s  among 
the  means o f  two o r  more p o p u la tio n s  o f  numbers. This concept was in ­
s trum en ta l in  making d ec is io n s  on th e  p o s s ib i l i ty  o f  a source edge 
e f f e c t  o c cu rrin g , and on th e  a t ta in a b le  p re c is io n  using  Harshaw LiP-100 
extnaded ro d s .
The p re c is io n  o f  TLD measurements (± 3 p e r  cen t) i s  expressed  in  
terms o f  r e l a t iv e  s tan d a rd  d e v ia tio n . The s tan d ard  d e v ia tio n  i s  de­
fin ed  as th e  p o s i t iv e  square ro o t o f  the  v a rian ce  (Dixon and Massey, 
1957). The v a rian ce  i s  th e  sum o f  th e  squares o f  th e  d if fe re n c e  be­
tween th e  in d iv id u a l o b serv a tio n s  and th e  mean o f  a l l  th e  o b se rv a tio n s , 
a l l  d iv ided  by th e  number o f  o b serv a tio n s  minus one o r ,
% (Xi-%):
= -  N -l (14)
where :
N = number o f  ob serv atio n s
X^= v a lue  o f  o b se rv a tio n  i  
X = a r ith m e tic  mean value  o f  o b se rv a tio n s .
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The stan d ard  d e v ia tio n  i s  sim ply th e  square  ro o t o f  the  above v a ria n ce . 
The r e la t iv e  s tan d ard  d e v ia tio n  i s  defined  as th e  s tan d a rd  d e v ia tio n  
devided by th e  a r ith m e tic  mean.
I  (Xi-X)^
■ CIS)
The p re c is io n  o f  th e  LiF-100 d e te c to rs  was found as a byproduct in  the  
course o f  s tudy ing  th e  source edge e f f e c t .
The p rocess  o f  u sing  samples from a p o p u la tio n  o f  numbers to  t e s t  
a h y p o thesis  i s  c a lle d  a s t a t i s t i c a l  p ro o f o f  th e  h y p o th e s is . The 
s t a t i s t i c a l  p ro o f o f  th e  source  edge e f f e c t  was a  comparison o f sample 
means when th e  u n iv e rsa l v a rian ce  i s  unknown (th e  T d i s t r i b u t io n ) .
The hypo thesis  is  th a t  two p o p u la tio n s  have th e  same mean b u t th e  u n i­
v e rs a l  v a ria n c e , i s  unknown, i . e .  th e  d i f f e r e n t  source lo ca tio ils  
have the same mean under equal exposure c o n d itio n s , and th e  boundaries 
do n o t e f f e c t  th is  source d a ta . The d ec is io n  o f  accep tin g  o r  r e je c t in g  
th e  h y p o th es is , i . e .  w hether th e  d i f f e r e n t  source lo c a tio n s  changed th e  
fluence  (a source edge e f f e c t ) , was based on th e  in fo rm ation  ob tained  
by making ob serv atio n s  and by a sse ss in g  an accep tab le  degree o f r i s k  
th a t  th e  d ec is io n  may be wrong. This chance o f  r i s k  i s  c a l le d  th e  
le v e l o f  s ig n if ic a n c e , denoted by th e  Greek l e t t e r  a . A convention 
freq u e n tly  follow ed i s  to  s t a t e  th e  r e s u l t  " s ig n ifican t* ! i f  th e  hy­
p o th e s is  i s  r e je c te d  w ith a = 0.05 and h ig h ly  |! s ig n if ic a n t"  i f  i t  i s  
re je c te d  w ith  a = 0 .0 1 . ’
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The procedure used in  th e  s t a t i s t i c a l  p ro o f was completed in  s ix  
s te p s :
1. H ypothesis: Two p o p u la tio n s  have th e  same mean. The th re e  
d i f f e r e n t  so u rc e -d e te c to r  c o n fig u ra tio n s  produce th e  same mean TL 
read in g , under equal exposure c o n d itio n s . The mean TL read in g  o f th e  
7cm source lo c a tio n  was compared w ith  th e  mean TL read in g  o f  th e  10cm 
source lo c a tio n  and th e  14cm source lo c a tio n . Then th e  mean TL read ing  
o f  th e  10cm source lo c a tio n  was compared w ith  th e  mean o f  th e  14cm 
source lo c a tio n .
2. The le v e l o f  s ig n if ic a n c e  (a  = .01) was chosen.
3. For th e  s t a t i s t i c a l  t e s t  use
(X - X )
t  — ■ ̂   - (16)
S /( l /N ^ )  + (l/N g)
where i s  th e  pooled m ean-square e s tim a te  o f  th e  u n iv e rs a l s tan d ard  
d e v ia tio n  a g iven by
( N - l )  S2 + ( N - l )  S | k
=[—   ̂     ]
P N  ̂ + Ng - 2
where N  ̂ = number o f  o b se rv a tio n s  in  th e  f i r s t  sam ple,
Ng = number o f  o b se rv a tio n s  in  th e  second sam ple,
S j = v a rian ce  o f  th e  f i r s t  sample
Sg = v a rian ce  o f  th e  second sanq)le
4. Assuming th a t  both  p o p u la tio n s  have normal d is t r ib u t io n s  w ith
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th e  same mean and th e  same u n iv e rsa l v a r ia n c e , then  th is  s t a t i s t i c  has 
th e  t(N j + Ng - 2) d is t r ib u t io n  to  be en te red  in to  th e  T t e s t  ta b le s  
(Dixon and Massey, 1957).
5. The re je c t io n  reg io n  i s
t j  - Y a(N^+N2-2)<t<t^-a (N^+N2-2)
6. The computed t  i s  e n te red  in to  th e  ta b le s ,  and th e  hy p o th esis  
i s  accepted  o r r e je c te d .
3 .3  Dose Edge E f fe c t Study
In th e  dose (TLD) edge e f f e c t  s tu d y , th e  p e r tu rb a tio n  o f  th e  dose 
d is t r ib u t io n  caused by th e  p resence  o f  boundaries was g iven e x p e r i­
m ental in te r p r e ta t io n  and compared to  th e  th e o r e t ic a l  p re d ic tio n s  o f  
E l l e t t  (1969).
The TLD edge e f f e c t  study  c o n s is te d  o f  tak in g  measurements when 
th e  TLD's were lo c a te d  n e a r a phantom edge and comparing them w ith  
th o se  s i tu a te d  w e ll w ith in  th e  phantom. The d e te c to rs  lo c a te d  f a r th e r -  
e s t  from th e  edges were n o t in flu en ced  by boundaries; consequen tly , 
they  were used as th e  c o n tro l v a lu e s . The d e te c to r  s la b  fo r  th e  study  
was designed  to  f u l f i l l  th e se  requ irem en ts. I t  was cu t to  accommodate 
one p l a s t i c  mounted source  12cm from b o th  edges and 20 TLD in s e r t s  
making a q u a r te r  c i r c l e  around th e  source a t  11.5cm away (see F igure  7 ). 
This d is ta n c e  i s  a  l i t t l e  more than  one mean f r e e  path  in  th e  ru bber 
phantom fo r  th e  h ig h e s t  photon energy em itted  by th e  ra d io a c tiv e  sources 
(Co-57, Sn-113, and Cs-137) used in  t h i s  experim ent. The r e s u l t s  o f  
th e  source edge e f f e c t  study  v e r i f ie d  th a t  th e  p a r t ic u la r  source  lo c a tio n
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F i g u r e  7 . D e t e c t o r  S la b  f o r  E dge E f f e c t  S tu d y  (20  TLD I n s e r t s  
a t  1 1 .5  cm f ro m  S o u r c e s ) .
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was n o t an a d d itio n a l v a r ia b le  o f any consequence fo r  the  edge s tudy .
The 12cm source  lo c a tio n  allow ed TLD's to  be p laced  a t  0.5cm and 1cm 
to  19cm in  u n i t  in te g r a l  (cm) s te p s  from th e  edges o f  th e  phantom.
This c o n fig u ra tio n  was assumed adequate to  d e sc rib e  th e  p e rtu rb ed  dose 
d i s t r ib u t io n  in  term s o f  th e  p e rp e n d icu la r  d is ta n c e  from a boundary 
fo r  th e  th re e  photon en erg ies  (Sm ith, 1969). No experim ental d a ta  fo r  
edge s tu d ie s  has been p u b lish ed . Greene and S tew art (1965) have pub­
lish e d  isodose  curves fo r  non-uniform  phantoms, b u t d id  n o t study  the  
e f f e c ts  which occurred  a t  th e  b oundaries.
As a comparison to  minimize e r r o r ,  r a t io s  o f  TL read ings were 
used , as w e ll as ab so lu te  dose measurements. The TLD measurements were 
d e fin ed ,b y  numbers 1 through 20 w ith number 1 being  th a t  in s e r t  c lo se s t  
to  an edge (0.5cm p e rp e n d icu la r  from th e  edge) and in c re a s in g  numbers 
c lockw ise. The r a t io s  were ob ta ined  by d iv id in g  each TL read ing  by the  
average read ing  o f th e  c e n tra l  s ix  dosim eters (TLD nos. 8 -13). The 
m id d le -s ix  TL average read ing  was s e t  equal to  1.0 as th e  re fe ren ce  
(c o n tro l)  v a lu e , and a l l  o th e r  va lues were norm alized to  th is  re fe re n ce  
p o in t. This average i s  a m eaningful c o n tro l s in ce  each o f  th e  s ix  TLD 
p o s it io n s  was s u f f ic ie n t ly  d is ta n t  from e i th e r  edge - a t  l e a s t  13cm - 
w hile  s im u ltaneously  m ain tained  under th e  same experim ental co n d itio n s  
as th e  rem aining p o s it io n s .
The energy dependence o f  th e  p e rtu rb ed  dose d is t r ib u t io n  was in ­
cluded fo r  th e  range 123 keV to  662 keV by u sin g  Co-57, Sn-113, and 
Cs-137. A s p a t i a l  dependence study  was inc luded  by lo c a tin g  th e  d e te c to r
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s lab  a t  two d i f f e r e n t  depths in  the  phantom. The c o n tro l depth was 
th e  same v e r t i c a l ly  cen te red  depth used in  th e  source  edge e f f e c t  s tudy . 
The measurements taken a t  th i s  depth were compared to  those  taken  a t  
the  th i r d  s la b  from th e  top  (5cm from th e  top) o f  th e  phantom.
The r e s u l t s  were expressed in  ta b u la r  and g ra p h ic a l form w ith ab­
s o lu te  dose and r e l a t iv e  dose versus p e rp en d icu la r d is ta n c e  from a 
boundary. However, th e  param eters used in  the  v a rian ce  a n a ly s is  to  
e s tim ate  th e  s tan d a rd  d e v ia tio n  o f  th e  measured s ig n a ls  from LiF-100 
dosim eters follow ed th e  s t a t i s t i c a l  a n a ly s is  convention proposed by 
M artensson (1969).
The s t a t i s t i c a l  a n a ly s is  o f  th e  s tan d a rd  d e v ia tio n  in  th i s  r e l a ­
t iv e  dosim etry study used v a rian ce  a n a ly s is  and f u l f i l l e d  th e  fo llow ing  
requirem ents :
(a) th e  sy stem a tic  in d iv id u a l s e n s i t i v i t y  d iffe re n c e s  between 
th e  d e te c to rs  were e lim in a ted ;
(b) th e  sy s tem a tic  changes o f  s e n s i t i v i t y  between rep ea ted  ex­
perim ents were e lim in a ted ;
(c) only two consecu tive  experim ents were compared,
The q u a n ti t ie s  used in  th i s  an a ly s is  a re  d e fin ed  as follow s :
Q - i s  a  measure o f  th e  t o t a l  v a r ia t io n  w ith in  th e  analyzed v a lu es ; 
-  i s  a  measure o f  th e  sy stem atic  s e n s i t iv i ty  changes o f  th e  d o s i­
m eters between two consecu tive  experim ents;
Qg - i s  a measure o f  th e  in d iv id u a l s e n s i t i v i t y  d if fe re n c e s  between 
th e  do sim eters;
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Qq - i s  a measure o f th e  rem aining v a r ia t io n s  in  th e  va lues when 
the  sy s tem a tic  e f f e c t s  a re  e lim in a ted .
Q i s  th a t  measure o f  v a r ia t io n  which w il l  d e sc rib e  th e  s p a t i a l  e f f e c t  
between th e  two depths used in  th i s  study .
Table I I  i l l u s t r a t e s  th e  procedure fo r  perform ing th i s  v a rian ce  
a n a ly s is ,  to  be used in  co n junction  w ith  th e  fo llow ing  fo rm u la tio n :
n 2
Q Ctotal v a r ia t io n )  = z z(X ..-X )
1 j
2 - 2
Q .(sy stem a tic  s e n s i t i v i t y  changes) = n Z (X*.-X)
j 1
n _ 2
QpCindividual s e n s i t i v i t y  changes) = 2 Z (X*.-X)B . 1
Qq(s p a t i a l  s e n s i t i v i t y  changes) = Q - - Qg
Where two consecu tive  experim ents, a t  the  two d ep th s , a re  perform ed 
fo r  n(= 20) number o f  d o sim eters.
th e  experim ental procedures were completed u sin g  th e  above f o r ­
m ulated convention . In a d d it io n , two more TLD's were taped  to  th e  two 
edges o f  th e  d e te c to r  s lab  a t  12cm from th e  source  f o r  comparison o f  
agreement between each o th e r ,  and fo r  a d d itio n a l e x tra p o la te d  valijes 
to  be in c luded  in  th e  dose edge e f f e c t  s tu d y . i
Table I I .  A schem atic o f  th e  param eters used in  the  v a rian ce  a n a ly s is  to  e s tim ate  
th e  s tan d a rd  d e v ia tio n  o f  th e  measured s ig n a ls  from LiF-100 d o sim eters . 
(X .. i s  th e  measured s ig n a l from dosim eter i ,  used in  experim ent j . )
D osim eter: 1 2 3 n
Measure­
ment:
1 ^11 "21 "31 " n l " .1  n i = l " i l
2 ^12 "22 "32 ^n2 ".2=  & i i l " i 2
*1.= 2 iE l* l i " 2 .^  T  i= l"21 " 3 .^  T  i= l" 3 i " n ."  J  i i l " n i
y - 1 g i  y 




4 .1  Source Edge E ffe c t Study
The r e s u l t s  o f  th e  source  edge e f f e c t  experim ent showed t h a t ,  f o r  
th e  d e te c to rs  lo c a ted  in  th e  c e n tr a l  p o r tio n  o f th e  phantom and no t 
exposed to  edge e f f e c t s ,  th e re  i s  no d e te c ta b le  e f f e c t  o ccu rrin g  from 
vary ing  th e  source  lo c a tio n . An e f f e c t  d id  n o t occur w ith in  a le v e l 
o f  s ig n if ic a n c e  o f  0.01 fo r  th e  th re e  energy sources (123 keV, 393 keV, 
and 662 keV) which were lo ca ted  a t  7c% 10cm, and 14cm p e rp e n d ic u la r ly  
from two edges o f  th e  t i s s u e  e q u iv a len t phantom. The a t ta in a b le  p re ­
c is io n  (agreem ent among equal dose-exposures) fo r  LiF-100 ex truded  
rods was +3 p e r cen t r e l a t iv e  s tan d a rd  d e v ia tio n .
Tables I I I ,  IV, and V g ive th e  d a ta  f o r  the  source  edge e f f e c t  
s tu d y . For each source energy , th re e  experim ental runs were made; one 
each w ith  th e  source  lo c a tio n  a t  7cm, 10cm, and 14cm under equal dose- 
exposure c o n d itio n s . The d a ta  was expressed  in  TL u n i t s  because the  
p re c is io n  was more ap p aren t when th e  read in g s  were in  th i s  form. The 
t r a n s i t io n  to  ab so lu te  dose term s tended  to  mask th e  s l i g h t  d i f f e r ­
ences o f  th e  TLD re a d in g s . The dose-exposures o f  each source  lo c a tio n  
were kep t equal so  th a t  no unnecessary  e r r o r  was in tro d u ced  from having  
to  norm alize th e  measurements. This method a lso  allow ed in d iv id u a l 
measurements to  be compared to  any one o f  th e  o th e r measurements fo r  
each source  energy.
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Table III. Source edge effect study for Cobalt-57
Source Location from 

























R e la tiv e  S tandard  Devia­
t io n  = 2.7%
t  t e s t :  p = 0.94
Re1a tiv e  S tandard  Devia­
t io n  = 2.4%
t  t e s t :  p = 0 .9 3
R e la tiv e  S tandard  Devia­
t io n  = 2:6%
t  t e s t :  = 1.00
T otal
Average = 0.105710.0027 
O verall
T o ta l R e la tiv e  Standard 
D eviation  = ?i6%
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Table IV. Source edge effect study for TIN-113
Source Location from 


























R ela tiv e  S tandard  Devia­
t io n  = 2.3%
t  t e s t :  p = 0.71
R ela tiv e  S tandard  Devia­
t io n  = 1.8%
t  t e s t :  p = 0 .70
R ela tiv e  S tandard  Devia­
t io n  = 0.20%
t  t e s t :  p = 0 .93
T o ta l
Average = .1220+.0026 T o ta l R e la tiv e  Standard D eviation  =2.2%
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Table V. Source edge effect study for Cesium-137
Source Location from 






R e la tiv e  Standard  Devia­
t io n  = 0.8%




















R e la tiv e  Standard  Devia­
t io n  0.4%
t  t e s t :  p = 0.73
R e la tiv e  Standard Devia­
t io n  = 1.0%
t  t e s t :  p = 0 .8?
.  0.4105+0.00525 ’’“« I  R e la tiv e  S tandard 
Average D eviation  = 1;3%
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From a l l  measurements taken  fo r  each source lo c a t io n , an average 
read ing  and a r e l a t iv e  s tan d a rd  d e v ia tio n  was computed by th e  methods 
d esc rib ed  in  C hapter I I I ,  S ec tion  3 .2 . The s t a t i s t i c a l  p ro o f (th e  T 
d i s t r ib u t io n  o f  Dixon and Massey, 1957) was perform ed between p a ir s  o f  
source lo c a t io n s , and th e  s ig n if ic a n c e  a = .01 was v a lid  in  a l l  c a se s .
In  a d d it io n , an average read ing  and a r e l a t i v e  s tan d a rd  d e v ia tio n  were 
determ ined f o r  a l l  measurements taken  f o r  each energy. These r e s u l t s  
agreed w e ll w ith  th o se  taken  fo r  th e  in d iv id u a l source  lo c a tio n s . Using 
th i s  o v e ra ll  mean and r e la t iv e  s tan d a rd  d e v ia t io n , th e  t  t e s t  o f  s ig n i ­
fic an ce  d esc rib ed  by Chase and Rabinowitz (1967) was a lso  perform ed fo r  
each source lo c a tio n  d a ta . This t  t e s t  was designed  to  determ ine th e  
p ro b a b i l i ty  th a t  th e  d if fe re n c e  between two observed measurements i s  due 
to  tech n iq u e , o r  th a t  th e  observed d if fe re n c e  may be a t t r ib u te d  to  
s t a t i s t i c a l  f lu c tu a t io n s .  The t  t e s t  i s  a  m odified  v e rs io n  o f th e  Dixon 
and Massey (1957) T d is t r ib u t io n .
In t h i s  t e s t ,  th e  samples were s t a t i s t i c a l  d u p lic a te s ,  i . e .  th e  
mean TL re a d in g , a t  any one source lo c a tio n  f o r  a  p a r t i c u la r  energy , was 
considered  to  possess  th e  same s t a t i s t i c a l  p ro p e r t ie s  as th e  o v e ra ll  
mean. These c ircum stances were accom plished by m ain ta in in g  equal dose- 
exposure c o n d itio n s . Under th e se  c o n d itio n s , th e  sample v a rian ce  o f 
d if fe re n c e  i s  equal to  th e  sum o f  th e  v a rian ce s  o f  each sample ob­
s e rv a tio n ,
= SÏ + S ; (17)
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where = v a rian ce  o f  a l l  measurements f o r  th e  p a r t i c u la r  energy
source
S | = v a rian ce  o f measurements a t one source  lo c a tio n  
and th e  number o f  s tan d a rd  d e v ia tio n s  in  th e  d if fe re n c e  i s  d e fin ed  by:
d if fe re n c e  o f  th e  m eans________
sample s tan d a rd  d e v ia tio n  o f  d if fe re n c e
.■ X,-x,
The va lue  o f  t  i s  en te red  in to  th e  cum ulative normal frequency d i s ­
t r ib u t io n  ta b le ,  and th e  p ro b a b i l i ty ,  p , th a t  th e  d if fe re n c e  o f  means 
i s  due to  techn ique i s  o b ta in ed . The r e s u l t s  were good con sid erin g  
the  assum ption depended on id e a l  sy stem a tic  b ia s e s ,  which a re  h o t com­
p le te ly  c o n tro l la b le  (see  Tables I I I ,  IV and V). N evertheless*  having 
te s te d  th e  r e s u l t s  u s in g  th e  two methods w ith  good r e s u l t s ,  i t  was 
shown t h a t ,  under th e  experim ental co n d itio n s  used h e re , th e re  i s  no 
d e te c ta b le  source  edge e f f e c t  o ccu rring  in  th e  bounded medium.
Recent computer s tu d ie s  have confirm ed t h i s  p re d ic t io n  b u t ex­
p ressed  t h e i r  r e s u l t s  in  term s o f absorbed f r a c t io n  (see C hapter I ,
S ec tion  1 .4 ) .  E l l e t t  e t  a l . (1964) s ta te d  th a t  f o r  e l l i p t i c a l  cy­
lin d e rs  " th e  l in e a r ly  in c reased  escape o f . r a d ia t io n  as a  source  i s
moved towards th e  su rfa c e  i s  la rg e ly  compensated by in c reased  absorp­
t io n  in  th e  o p p o s ite  d i r e c t io n " .  A nother in te r p r e ta t io n  o f  t h i s  s t a t e ­
ment would be th a t  th e  r a d ia t io n  f i e ld  rem ains la rg e ly  unchanged when
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th e  source i s  moved towards a boundary. F ish e r and Snyder (1968) a t  
Oak Ridge N atio n a l L abora to ry , ORNL, found s im ila r  r e s u l t s  in  t h e i r  
computer c a lc u la t io n s  app ly ing  th e  dose re c ip ro c i ty  theorem fo r  in ­
te r n a l  sources w ith in  t h e i r  70kg homogeneous anthropom orphic phantom. 
T h ere fo re , bo th  computer c a lc u la tio n s  and experim ental v e r i f ic a t io n  
j u s t i f i e d  th e  use o f  th e  d e te c to r  s lab  geometry fo r  th e  dose edge e f ­
fec t-  study  to  be d iscu ssed  n e x t.
4 .2  Dose Edge E f fe c t Study
The r e s u l t s  o f  th e  dose edge e f f e c t  s tudy  in  F igures 8 , 9 and 10 
show th a t  th e  g en era l shape and magnitude o f  th e  experim ental Curves 
agree reasonab ly  w ell w ith  th e  computer p re d ic tio n s  o f E l l e t t  (1969). 
The depth values (p e rp en d icu la r d is ta n c e s  from n e a re s t  boundary fo r  no 
edge e f f e c t  o b ta in ed  ex p erim en ta lly  d id  n o t agree so w e ll w ith  the  
depth value fo r  th e  computer d a ta . This d isagreem ent could  be due to  
th e  geometry d if fe re n c e s  between th e  computer and experim ental s tu d ie s .  
In F igures 8, 9 and 10, th e  experim ental dose d i s t r ib u t io n  from the  
c e n tr a l  d e te c to r  s la b  i s  compared in  a b so lu te  and r e l a t iv e  u n i ts  w ith  
th e  computer r e s u l t s  fo r  Co-57, Sn-113 and Cs-137 re s p e c tiv e ly . The 
b a rs  a t  th e  experim ental p o in ts  re p re se n t th e  range o f.o n e  s tan d a rd  de­
v ia t io n  fo r  th e  fo u r experim ental ru n s .
R e la tiv e  to  th e  dose a t  th e  same d is ta n c e  from th e  source in  an 
unbounded medium, th e  absorbed dose a t  a  n o n - re f le c t in g  boundary (such 
as th e  ru b b e r -a ir  in te r f a c e  o f t h i s  study) i s  reduced fo r  two reaso n s ; 
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Figure 9. Sn-113 Edge E ffe c t P lo t
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th e re  a re  fewer s c a t te r e d  photons. The amount th a t  th e  absorbed dose 
i s  decreased  a t  lo c a tio n s  n ea r th e  boundary i s  p r im a ri ly  a  fu n c tio n  o f  
the  source  energy , and th e  d is ta n c e  from th e  boundary. P e rtu rb a tio n s  
in  th e  dose d is t r ib u t io n  caused by a n o n - re f le c t in g  boundary a re  
r a th e r  lo c a l iz e d ; " th e  dose i s  g re a te r  than  95 p e r  c en t o f i t s  va lue  
in  an i n f i n i t e  medium a t  a l l  lo c a tio n s  more than one mean f r e e  path  
from a boundary" ( E l l e t t ,  1969). T herefore , in  phantoms having dimen­
s io n s  g re a te r  than  2-3 mean f r e e  paths only th e  p e rp e n d icu la r  d is ta n c e  
to  th e  c lo s e s t  boundary i s  im portan t,
Tables VI, VII and V III (Co-57, Sn-113, and Cs-137, re s p e c tiv e ly )  
g ive th e  absorbed dose values in  th e  phantom r e la t iv e  to  th e  average 
dose fo r  th e  m id d le -s ix  TLD's (nos. 8 -13). These experim en tal r a t io s  
a re  compared to  r e l a t i v e  va lues c a lc u la te d  by E l l e t t  (1969). The r a t io s  
from E l l e t t  a re  s p e c i f ic  absorbed f r a c t io n s ,  $, in  a  bounded medium 
r e la t iv e  to  $ a t  th e  same d is ta n c e  from th e  source in  an i n f i n i t e  medium. 
From C hapter I ,  S ec tio n  1 .4 , i t  i s  obvious th a t  th e se  same r a t io s  a re  
ap p lic ab le  as dose r a t i o s .  The s l ig h t  d if fe re n c e s  o f  th e  experim ental 
r e l a t iv e  dose from th e  computer r e l a t iv e  dose may be a t t r ib u te d  to  th e  
f a c t  th a t  th e  experim en tal r a t i o  depended on th e  "unbounded" dose va lue  
whereas th e  computer r a t i o  had an approxim ation o f  an " in f in i t e "  dose
v a lu e . In  a d d it io n , th e  computer r a t io s  were c a lc u la te d  f o r  s l i g h t ly
r
d i f f e r e n t  source en e rg ie s  and t i s s u e  m a te r ia l .  N e v e rth e le ss , th e  d i f ­
fe ren ces  a re  n o t la rg e  enough to  w arran t th e  use o f  a n o th e r re fe re n c e ; 
in  f a c t ,  th e  experim ental ab so lu te  dose d is t r ib u t io n  o f  F igures 8 , 9 , 
and 10 were fav o rab ly  compared to  th e se  computer r a t i o s .





















1 0 .5 0.6129 11 19 1.023 -
2 1 0.7142 12 18 0.9815 -
3 3 0.8087 13 16 1.0046 -
4 5 0.9124 14 14 1.0115 -
5 7 0.9354 15 12 0.9723 -
6 9 1.0046 16 10 0.9953 0.98
7 11 1.0000 17 8 0.9723 0.95
8 13 0.9815 18 6 0.9493 0.93
9 15 0.9907 19 4 0.8617 0.88
10 17 0.9838 20 2 0.7603 0.78
cnN)
^Ellett (1969)





















I 0 .5 0.7368 I I 19 0.9962 -
2 I 0.7593 12 18 I . 0451 -
3 3 0.8308 13 16 0.9962 -
4 5 0.9398 14 14 1.0037 -
5 7 0.9548 15 12 0.9962 0.96
6 9 0.9924 16 10 1.0075 0.94
7 I I I .0 I I2 17 8 0.9699 0.92
8 13 0.9812 18 6 0.9323 0.89
9 15 I . 0000 19 4 0.8721 0.82
10 17 0.9962 20 2 0.8045 0.73
cn
Êllett (1969)





















1 0 .5 0.7968 11 19 1.0039 -
2 1 0.8398 12 18 1.0019 -
3 3 0.8789 13 16 1.0000 -
4 5 0.9101 14 14 1.0019 -
5 7 0.9394 15 12 0.9980 0.97
6 9 0.9687 16 10 0.9804 0.95
7 11 0.9843 17 8 0.9570 0 .93
8 13 0.9980 18 6 0.9335 0.90
9 15 0.9980 19 4 0.8847 0.85
10 17 0.9980 20 2 0.8437 0.79
^Ellett (1969)
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Since th e  experim ental d a ta  d id  ag ree  reasonab ly  w ell w ith  th e  
computer c a lc u la t io n s ,  th e  conclusions made by E l l e t t  (1969) may w ell 
apply to  t h i s  s tu d y . However, th e  r e a l  f a c t  shown in  F igures 8, 9, 
and 10, b e sid e s  th e  tru e  dose d i s t r ib u t io n ,  i s  th a t  f o r  th e  low energy 
Co-57 th e  edge e f f e c t  i s  more pronounced than  f o r  th e  o th e r  two h ig h e r 
e n e rg ie s . With th e  a id  o f  th e se  r e s u l t s ,  th e  absorbed dose a t  a p o in t 
in  a  bounded medium can be determ ined by m u ltip ly in g  th e  a p p ro p ria te  
r a t i o  tim es th e  dose c a lc u la te d  fo r  th e  " i n f in i t e "  medium. The v a l id i ty  
o f  th e  th e o r e t ic a l  assum ption fo r  an unbounded geometry ( i . e . ,  co n fig u ra ­
tio n s  o f  medium, so u rce , and d e te c to r  such th a t  leakage o f  r a d ia t io n  
acro ss  th e  boundaries o f  th e  medium has no in flu en c e  on th e  absorbed 
dose re c e iv e d  by th e  d e te c to r )  i s  dem onstrated f o r  each energy in  th e se  
f ig u r e s .  The co n d itio n s  f o r  th e  media to  b e , in  e f f e c t ,  unbounded a re  
o fte n  assumed s a t i s f i e d  i f  both  th e  so u rce  and th e  d e te c to r  a re  lo c a te d  
a t  l e a s t  a  phantom mean f re e  pa th  from th e  n e a re s t  boundary.
The r e s u l t s  o f  th e  edge e f f e c t  s tu d y  showed. t h i s  assum ption to  be 
a  reaso n ab le  one f o r  th e  experim en tal model used . In  Table IX, th e  
depths where the  edge e f f e c t  became apparen t a re  g iven in  a b so lu te  (cm) 
and.mean f r e e  p a th  (A) u n i ts  f o r  th e  th re e  energy so u rc e s . These d i s ­
tan ces  were o b ta in ed  by two methods (see  Appendix A). F i r s t ,  the  T 
d i s t r ib u t io n  (Dixon and Massey, 1957) was perform ed w ith  a  le v e l o f  
s ig n if ic a n c e  o f  0 .0 1 . The f i r s t  d a ta  p o in t  th a t  d id  n o t meet th e  c r i ­
t e r i a  f o r  th e  T d i s t r ib u t io n  t e s t  was d e sig n a ted  as th e  i n i t i a l  depth 
( s t a t i s t i c a l )  where th e  edge e f f e c t  became apparen t ; th e  o th e r  p o in ts
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Table IX. Depths in  phantom fo r  no edge e f f e c t .
Co-57 Sn-113 Cs-137
G raphical : 9 .0  cm 9.5  cm 12.0 cm
1 .43mfp 1.02mfp 1 .02mfp
S t a t i s t i c a l  : 19.0 cm 9 .0  cm 12.0 cm
1 .43mfp 0.97mfp 1 .02mfp
Computer: 12.0 cm 15.0 cm 17.0 cm
1.91mfp 1.61mfp 1 .45mfp
Mean Free 
Path (mJ^) ■ 6 .3  cm 9 .3  cm 11.7 cm
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d o s e r  to  th e  boundary a lso  d id  n o t meet th e  c r i t e r i a .  Second, th e  
f i r s t  d a ta  p o in t  s t a r t i n g  from th e  boundary which had a t  l e a s t  th e  
same magnitude as th e  norm alized dose value  was chosen as th e  i n i t i a l  
depth (experim en tal and computer) f o r  th e  n o n -ex is ten ce  o f  th e  edge 
e f f e c t .  The s t a t i s t i c a l  and g rap h ica l depths were in  good agreem ent; 
th e  computer d is ta n c e  was la rg e r  compared to  th e  o th e r  two. The d a ta  
p re se n te d  in  Table IX shows th a t  w ith  in c re a s in g  source energy th e  
depths a lso  in c re a se d .
The s p a t i a l  dependence, which was s tu d ie d  by lo c a tin g  th e  dose 
edge e f f e c t  d e te c to r  s lab  a t  two d i f f e r e n t  h e ig h ts ,  i s  i l l u s t r a t e d  in  
F igures 11, 12 and 13 fo r  Co-57, Sn-113, and Cs-137, re s p e c t iv e ly .  In 
Table X, th e  v a ria n ce s  (d e fin ed  in  Chapter I I I ,  S ec tio n  3 .3 ) a re  l i s t e d  
f o r  th e  th re e  so u rc e s . The i n i t i a l  values o f  v a rian ces  a re  th e  c a lc u ­
la t io n s  fo r  th e  two h e ig h ts  as f i r s t  determ ined from th e  m easurements; 
th e  c o rre c te d  v a ria n ce s  a re  com putations o f  th e  measurements which have 
been c o rre c te d  f o r  an edge e f f e c t .  A fte r  d iv id in g  th e  measurements fo r  
th e  (h ig h es t)  s la b  o b ta in ed  in  th e  s lab  lo c a te d  5cm from s u r fa c e , by 
th e  a p p ro p ria te  boundary c o rre c tio n  r a t io  ( fo r  5cm from n e a re s t  bound­
ary  a t  th e  g iven source  energy) th e  m agnitudes o f  th e  r e l a t iv e  s tan d a rd  
d e v ia tio n s  became very  sm all. Also from Table X, th e  l i s t e d  d if fe re n c e s  
o f th e  two v a ria n ce s  dem onstrates th a t  th e  t o t a l  v a r ia t io n s  Q and the  
sy s tem a tic  s e n s i t i v i t y  changes a re  th e  r e a l  fu n c tio n a l v a r ia b le s  
which were c o rre c te d ; th e  in d iv id u a l s e n s i t i v i t y  changes Qg and th e  r e ­
m ainder Qg were n o t s ig n i f ic a n t ly  e f fe c te d . T h e re fo re , th e  s p a t i a l
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Figure 11. Co-57 S p a tia l  Experim ental P lo t
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Figure 12. Sn-113 S p a tia l  Experim ental P lo t
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Figure 13. Cs-137 Spatial Experimental Plot
Table X. Variance analysis for spatial study.
C obalt-57
I n i t i a l  Values C orrec ted  Values D ifferen ce
Q = 0.0124  
Q = 0.0029  
qJ  = 0.0091 
(Ç = 0.0004
T o ta l V a ria tio n  
System atic  S e n s i t iv i ty  Change 
In d iv id u a l S e n s i t iv i ty  Change 
Remainder
Q = 0.0105 
Q = 0.00002




= -0 :0 0 1 0  
= +0.0001
% S.D. = 9 .0
Tin-113
% S.D. = 7 .8
I n i t i a l  Values C orrec ted  Values D ifference
Q = 0.0113  
Qa = 0.0009 
Qb = 0.0089 
Qo = 0.0015
T o ta l V a ria tio n  
System atic  S e n s i t iv i ty  Cha.nge 
In d iv id u a l S e n s i t iv i ty  Change 
Remainder
Q = 0.0096 
QA = 0.000002 






% S.D. = 11.4
Cesium-137
% S.D. = 10.1
I n i t i a l  Values C orrec ted  Values D ifference
Q = 0.0245  
QA = 0.0095  
Qb = 0.0146 
Qo = 0.0004
T o ta l V a ria tio n  
System atic  S e n s i t iv i ty  Change 
In d iv id u a l S e n s i t iv i ty  Change 
Remainder
Q = 0.0166 . 
QA = 0.00003 




= -0 .0013 
= -0.0003
% S.D. = 22.8 % S.D. = 17.8
o\
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dependence o f  th e  dose edge e f f e c t  study  fo r  the  two depths was found 
to  m erely be an o th er boundary e f f e c t  a c tin g  eq u a lly  on a l l  d e te c to r  
p o in ts .  That i s ,  th e  boundary e f f e c t s  o ccu rrin g  w ith in  one p lane  o f 




The dose d i s t r ib u t io n  in  a  bounded ab so rb er was in v e s t ig a te d  as a 
fu n c tio n  o f  source lo c a tio n  and o f th e  p e rp e n d icu la r  d is ta n ce  between 
th e  lo c a tio n  o f  i n t e r e s t  and a boundary, fo r  th re e ,p rim a ry  photon 
en erg ies  (123 keV, 393 keV, and 662 keV ). In e v a lu a tin g  th e  ex p e ri­
m ental p e r tu rb a tio n  o f  th e  dose d is t r ib u t io n  in  a bounded medium,
Harshaw LiF-100 ex truded  rods were exposed to  th re e  m onoenergetic p o in t-  
i s o tro p ic  gamma sources (Co-57, Sn-113, and C s-137), in  two independent 
experim ental m odels. I t  was shown th a t  th e re  e x is t s  no d e te c ta b le  e f ­
f e c t  on th e  therm olum inescent dose read ings when a constan t so u rc e -to -  
d e te c to r  geometry was v a rie d  w ith  re sp e c t to  th e  boundaries o f  th e  ex­
p erim en ta l phantom. The m o d ifica tio n  o f  th e  experim ental dose d i s t r i ­
b u tio n  due to  th e  e f f e c t s  o f  th e  boundaries was shown g ra p h ic a lly  as a 
fu n c tio n  o f  p e rp e n d icu la r  d is tan ce  from th e  n e a re s t  boundary. In ad d i­
t io n  th e  c r i t i c a l  reg io n  where edge e f f e c ts  occurred  was determ ined.
The edge e f f e c t  on one plane o f  th e  d e te c to r  s la b  was found to  be in d e ­
pendent o f  w hether o r  n o t the  s lab  was 5cm from th e  top  o f  th e  phantom 
o r  c e n tr a l ly  lo c a ted  in  th e  phantom. The methodology o f  therm olum ines­
cen t dosim etry  and o f  in te r n a l  dose c a lc u la tio n s  was a lso  d iscu ssed .
The f a c t  th a t  th e re  was no source edge e f f e c t  v e r i f ie d  the  computer 
p re d ic tio n s  o f  E l l e t t  (1969) and F isch er and Snyder (1968); and th e  ex­
p erim en ta l dose d is t r ib u t io n  in  th e  f i n i t e  phantom a lso  agreed w ell w ith
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the  p re d ic tio n s  f o r  th e  e f f e c t  on photons in  bounded media ( E l l e t t ,  
1969). The experim ental phantom, so u rces , and d e te c to rs  were good 
approxim ations fo r  p o in t- is o t r o p ic ,  t is s u e -e q u iv a le n t ,  homogeneous 
models. V ariance a n a ly s is  was m ain tained  fo r  a l l  measurements, and 
exped ited  th e  d e te rm in a tio n  o f  conclusions.
- The r e s u l t s  o f  th i s  d is s e r ta t io n  can be used to  compute th e  ab­
sorbed dose in  c l i n i c a l  dosim etry  w ith  in c reased  ease and accuracy .
5.2 Conclusions
As a r e s u l t  o f  the  use o f therm olum inescent dosim eters to  study  
the  edge e f f e c t  o f  photons in  a t is s u e -e q u iv a le n t  rubber phantom, th e  
fo llow ing  conclusions a re  drawn:
1. The d i f f e r e n t  lo c a tio n s  o f  th re e  m onoenergetic p o in t- is o tr o p ic  
gamma sources (123 keV, 393 keV, and 662 keV) w ith  re s p e c t to  th e  
boundaries o f  th i s  phantom d id  n o t a f f e c t  th e  TLD d e te c to rs  lo c a ted  in  
the  c e n tra l  p o r tio n  o f th e  phantom, w ith in  a  le v e l o f  s ig n if ic a n c e  o f 
0 . 0 1 .
2. There e x is t s  a d e f in i te  edge e f f e c t  on the  dose d is t r ib u t io n  
n ea r th e  boundaries fo r  th e  th re e  sources s tu d ie d .
3. For th e  123 keV photons o f  Co-57, no edge e f f e c t  occurred  a t  
a depth o f  9 cm (1 .43  mean f re e  p a th s)  o r g re a te r  in  th e  phantom.
4 . For th e  393 keV photons o f  Sn-113, no edge e f f e c t  occurred
a t  th e  depth o f  9 .5  cm (1.02 mean f re e  p a th s) o r  g re a te r  in  the  phantom.
5. For th e  626 keV photons o f  Cs-137, no edge e f f e c t  occurred  a t  
a depth o f  12 cm (1 .02  mean f re e  p a th s)  o r g re a te r  in  th e  phantom.
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6. Maximum measured edge e f f e c t  o f  approxim ately  39 p e r  cen t oc­
cu rred  a t  th e  c lo s e s t  d is ta n c e  to  a boundary (0 .5  cm).
7. The experim ental edge e f f e c ts  agreed reasonab ly  w ell w ith  th e  
computer s tu d ie s .
8. The edge e f f e c t  in  th e  p lane  o f th e  d e te c to r  was u n a ffec ted  
by the  edge e f f e c t  in  th e  p e rp e n d icu la r  p lan e .
9. Thermoluminescent dosim eters a re  e f f e c t iv e  m easuring devices 
f o r  p o in t dose d e te rm in a tio n s .
5 .3  P ro jec ted  S tud ies
In th e  course o f  th i s  re se a rc h , new a reas o f  i n t e r e s t  became ap­
p a re n t. The need fo r  f u r th e r  re sea rc h  on th e se  su b je c ts  has been 
s ta r te d ,  and is  only m entioned h e re  as p ro p o sa ls  f o r  th o se  seeking d i s ­
s e r ta t io n  to p ic s  and fo r  o th e rs  as p o in ts  o f i n t e r e s t .
The fo rm ula tion  o f  MIRD Committee (MIRD, 1968) o f fe rs  two to p ic s  
th a t  need experim ental a n a ly s is .  F i r s t ,  th e  d e te rm in a tio n  o f  absorbed 
f r a c t io n  which i s  sim ply th e  f r a c t io n  o f  th e  em itted  photon energy 
th a t  is  absorbed in  th e  reg io n  o f  i n t e r e s t ,  i s  commensurate w ith the  
techniques o f  therm olum inescent dosim etry ; computer s tu d ie s  o f <j) a re  
p re s e n tly  be ing  ex p erim en ta lly  v e r i f ie d .  Second, th e  MIRD in te rn a l  
dose equation  has th e  p ro p e rty  such th a t ,  f o r  m a te r ia ls  o f  d i f f e r e n t  
mass d e n s ity  and com position, th e  ta b u la r  e n try  f o r  th e  MIRD * values 
can be a p p ro p ria te ly  c o rre c te d  by a d e n s ity - tra n s fo rm a tio n  r u le .  Ex­
p e rim e n ta lly , th i s  p ro p e rty  f o r  d i f f e r e n t  m a te r ia ls  (eg. lung and 
t is s u e )  needs v e r i f i c a t io n .
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F in a lly , th e  use o f  therm olum inescent dosim etry  o f fe rs  many add i­
t io n a l  o p p o rtu n itie s  f o r  re se a rc h . The r e c ip ro c i ty  theorem (F ish e r and 
Synder, 1968) i s  one such to p ic  which has been ex p erim en ta lly  s tu d ie d  
by th e  au tho r o f  th is  d i s s e r t a t io n .  O ther a v a ila b le  re sea rch  s tu d ie s  
u s in g  therm olum inescent dosim etry  need only th e  c re a t iv e  th in k e r .
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